
2. HYDRAULIC DESIGN 

The hydraulic design of any structure is based on the purposes or objec- 
tives it is to accomplish. The purposes for which chutes are used have been 
listed. The explicit objective of chutes is to convey all discharges, equal 
to or less than a given design discharge Qr from one elevation to a lower 
elevation in a manner which will not cause erosion between the two eleva- 
tions. To accomplish this objective, the various component parts of the 
chute need to be properly proportioned to perform certain functions. These 
functions and the hydraulic design of the components are considered in this 
part. Sometimes chutes are designed to fulfill additional obcjectives be-sldes 
the one explicitly stated above. 

Functions of Inlets. The inlet of a chute has several functions. They 
are : 

a. Convey and guide all discharges equal to or less than a given 
design discharge to the vertical-curve section or steep, paved channel in a 
manner that will not cause any appreciable waves in the steep channel of the 
chute. 

b. Provide a positive cutoff of flow by piping under and around the 
chute channel. 

c. Permit all discharges equal to or less than a given design dis- 
charge to pass safely through the inlet between the spillway crest and top 
of the siaewalls. 

Further explanatory remarks are made concerning these functions before 
the hydraulic design of the three types of inlets are considered. 

Standing Waves. Flow of water through the inlet to the steep, vertical- 
curve section passes from subcritical to supercrttical. (See Engineering 
Handbook, Section 5, Hydraulics.) A phenomenon known as "standing waves" can 
occur when flow is supercritical. The standing waves can attain heights 
several times the average depth of flow and persist downstream, sometimes 
almost undiminished in height, through the length of the steep channel. 
Standing waves can occur when any one of the following conditions exists in 
the steep channel: 

a. The walls of the steep channel are not parallel; i.e., the walls 
converge or diverge. 

b. The walls of the steep channel are not straight; i.e., the chute 
is curved in a longitudinal direction. 

c. The sidewalls of the steep channel are not vertical; i.e., the 
sidewall has a side slope. 

d. The bottom of the steep channel is not level in a direction per- 
pendicular to the axis of the channel; i.e., the channel bottom has a cross 
slope. 

e. The direction of flow in the steep channel is not parallel to 
the sidewalls. 

f. The flow has an appreciably unequal distribution of velocities 
(or energy) in a channel cross section. 

g .  The flow has an appreciably unequal distribution of discharge in 
channel cross section. 

h. An irregularity or obstruction exists in the channel. 



An example of a standing wave is shown by several photographs. Figure 
2 shows a plan view of a reinforced concrete spillway and the approximate 
directions in which subsequent photographs were taken. Observe that the 
spillway crest is level and is a segment of a circular arc. All flow down- 
stream from the crest is supercritical. Figure 2a shows the flow of water 
over the crest. The head on the crest is approximately 7.5 ft and the dis- 
chsrge over the crest is approximately 4000 cfs. The direction of flow at 
the crest is variable and at any point is in the direction toward the cen- 
ter of curvature of the crest. Figure 2b shows a standing wave reflected 
diagonally from the far wall. Observe that no flow occurs on a small area 
along the near wall. Every condition except conditions (c) and (h), page 
2.1, contributes to the development of this standing wave. The chmnel 
walls immediately below the spillway crest are neither parallel nor straight. 
The channel. bottom immediately below the crest is a warped surface. Flow 
over the crest is not in a direction parallel to the sidewalls. The dis- 
charge per foot length over the crest is uniform, but is not presented to 
the steep channel uniformly; thus, unequal distribution of velocities and 
discharge are present in the channel. Figure 2c shows the poor flow condi- 
tions through the channel and overtopping of the left wall by a discharge 
which is less than 30 percent of the design discharge. 

A sharp corner in the sidewall or irregularity or obstruction in the 
channel where supercritical flow exists will have no effect on flow upstream 
from any such obstruction a s  Long a.s the obstruction does not induce sub- 
critical flow. The effect of any such obstruction in supercritical flow is 
to cause a standing wave to occur diagonally from the obstruction downstream 
to the sidewall. This standing wave will then be reflected diagonally down- 
stream again and again from the sidewalls. These statements are made on the 
assumption that no other obstructions are placed to "cancel out" the stand- 
ing wave. It is not to be implied that steep chamnels having curvature in 
their alignnent or having a cross slope in their bottoms cannot be designed 
to function properly. In general, the design of such channels should be 
checked by hydraulic model studies. 

General Criteri? to Accomplish Functions of Inlets. The first listed 
function of the inlet can be accomplished if the inlet conveys the water so 
that velocity and discharge distribution are uniform at the entrance to the 
vertical curve, and the direction of flow is parallel to the axis of the 
chute. Uniform velocity a,nd discharge distribution at the entrance of the 
vertical curve section require that both the water surface and floor at this 
section be level transversely. Uniform discharge distribution requires that 
this section be rectnngular. The transverse water-surface profile can be 
made level by one of the following methods: 

a. Providing sufficient length of a level prismatic channel up- 
stream from this section. (See ES-82, page 2.13, for example. ) 

b. Providing a level cross weir of sufficient height at this sec- 
tion. ( see  ES-85, page 2.113, for exmple. ) 

Flow by piping can be prevented by covlstruction of an adequate anti- 
seep collar. 



Arrows indicate directions photographs were talien. 
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All the factors presented by the third function are not recognized by 
some engineers. Ignoring that the distance between the elevation of the 
spillway crest and a maximum water-surface elevation at the inlet is a de- 
terminable quantity can lead to appreciably higher structural costs by im- 
proper choice of inlet type or chute dimensions. Selection of the type of 
inlet is not an arbitrary choice nor is the width of the chute. The type --- 
of inlet is determined on the factual basis of: 

a. Functional uses 
b. Physical conditions of a site 
c. Economy 

A detailed explanation of methods to determine the ty-pe of inlet and its 
dimensions is given in part 3. A few limited explanatory remarks in the form 
of examples suggesting some of the elements which are involved in this deter- 
mination will be made here. 

Some inlets are designed for additional functional uses. For example, 
a culvert inlet is used to provide a crossing for vehicles, equipment, pe- 
destrians, or livestock. As will be seen later, culvert inlets may be used 
for other reasons. 

An illustration of how the pnysical conditions of a site determines the 
type of inlet follows. A site may require that the head over the crest be 
restricted to prevent inundation of certain areas or objects. (see page 2.6 
for definition of head over the crest.) Whenever the head over the crest is 
reduced, the length of the inlet crest must be increased to prevent lowering 
the capacity of the ixlet. A physical condition which requires that the 
head over the crest be small may determine the ty-pe of inlet and its dimen- 
sions. A physical condition of this type might dictate that a box inlet be 
used. 

In another example, a site which requires that the spillway be placed 
adjacent to or in a steep bank might dictate the use of a side-channel 
spillway. 

An example in which economics might dictate that a box inlet be used 
follows. Frequently a chute is associated with a high or long embankment. 
The amoun-~ of head required over the crest of the inlet for a given design 
discharge  ha^ an important influence on the cost of the associated embank- 
ment. The amount of head over the crest of the inlet can always be de- 
creased without decreasing the inlet capacity by increasing the length of 
the crest. When the head over the crest is decreased, the height of the em- 
bankment can be decreased by the same amount. If the associated embankment 
yardage is of considerable height or length, a large decrease in embankment 
yardage is made by choosing a smaller head over the crest. The saving in 
cost of embankment yardage may be greater by this choice than the cost of 
additional concrete yardage required for a chute with a box inlet, 

One other example will be given which involves the use of a box-culvert 
inlet. Spillways of reservoirs having large surface areas must be designed 
with wave freeboards. When this freeboard becomes large, it might be more 
economical to build a box-culvert inlet instead of a box inlet or a straight- 
culvert inlet. 



All chutes shou:Ld be designed with the proper type of inlet and a set 
of dimensions in accordance with the basic facts presented by the particular 
site, These basic facts are a matter for field determination. 

Head over the crest of an inlet is the sum of the depth of water above 
the crest and the velocity head at the section near the entrance of the in- 
let at which the head over the crest He is measured. (See Fig. 3.) This 
head is the specific energy head referenced to the crest and is measured in 
feet. Spillways for reservoirs have a head over the crest He equal to the 
difference in elevation of the water surface in the reservoir near the en- 
trance of the inlet and the elevation of the crest if friction losses be- 
tween the reservoir and inlet entrance are negligible. The head over the 
crest corresponding to the design discharge Q, (see part 1) is the design 
head over the crest h,. 

Water level in 
reservoir 

f_ 

FIGURE 4 

Freeboard of an inlet is the difference in the sidewall height h above 
the crest and the design head h, over the crest of the inlet. (See Fig. 4.) 
It is measured in feet and is a safety factor to prevent overtopping of the 

- - 

inlet. The overtopping could be a result of one or more causes. Among the 
causes are wave action, inability to predict closely the capacity of the in- 
let, decreased capacity of the inlet due to some unpredicted condition (see 
definition of capacity, page 2.7), a.nd a larger discharge requirement than 
the design discharge Qr due to inability to predict runoff with precision. 

Since it is possible to estimate wave heights by Stephenson's equation 
or a modification of that equztion, the freeboard requirement for wave action 
will be considered separately from freeboard requirement for other causes. 



These other causes are common to all structures. The freeboard requirement 
of structures in which wave action is anticipated will be the sum of the 
freeboard requirement for wave actions and the freeboard requirements for 
the other causes. Freeboard requirement for these other causes is known as 
no-wave freeboard. 

Recommended No-wave Freeboard. Where no wave action is anticipated, it 
is convenient to express freeboard in terms of design discharge. It is logi- 
cal that the freeboard should be dependent on the design discharge Qr and the 
vertical drop Z from the crest of the inlet to the floor of the outlet. The 
recommended freeboard fr for inlets having no wave action expressed in units 
of discharge 

where Qr = 

is 

fr = (0.20 + 0.003 Z) Qr = Qmi -QSi 2.1 

design discharge in cfs 
vertical drop from the crest of the inlet to the 
floor of the outlet in ft 

recommended freeboard expressed as a discharge in cfs 

The choice of this safety factor, or freeboard, is somewhat an arbitrary 
quantity and for this reason, as well as convenience, capacities of various 
component parts of the chute will be given without freeboard. 

Recommended Wave Freeboard for Inlets. For inlets in which wave heights 
are approximated, an additional freeboard is required. The wave heights may 
be approximated by one of the four formulas, 3.8, 3.9, 3.10, or 3.11, page 
3.8, Engineering Handbook, Section 11, Drop Spillways. The recommended total 
freeboard for inlets of chutes is the sum of the approximated wave heights 
and the freeboard recommended for inlets in which no wave action is 
anticipated. 

Capacities With and Without Freeboard. (see next section, Symbols. ) 
The distinction in the meanings of the words "design discharge," "capacity," 
and "requires capacity" is important. The design discharge Qr is the dis- 
charge that the inlet (or chute) is required to convey and is determined by 
hydrological and reservoir-routing considerations. The capacity Qsi of the 
inlet is the discharge that the inlet is capable of conveying with the rec- 
ommended freeboard (see page 2.11) and is determined in part by the dimen- 
sions of the inlet. This capacity will be used infrequently in this Chute 
Spillway Section of the Handbook. The capacity without freeboard Qmi of the 
inlet is the discharge that the inlet is capable of conveying without free- 
board. It is greater than the capacity Qsi and is determined solely by the 
dimensions of the inlet. The difference in the capacity Qsi of the inlet with 
the recommended freeboard and the capacity without freeboard Qmi is the recom- 
mended freeboard of the inlet expressed in discharge cfs instead of feet. 
The required capacity without freeboard Qfr is the design discharge Qr in- 
creased by the recommended freeboard expressed as a discharge. The required 
capacity without freeboard becomes 

Qfr = Qr + f, 

or by Eq. 2.1 



where Qfr = required capacity without freeboard in cfs 
Qr = design discharge in cfs 
Z = vertical distance from crest of inlet to floor of 

outlet in ft 

The chute spillway is designed to have a capacity without freeboard as 
great as the required capacity without freeboard Qfr; thus, the capacity 
without freeboard &mi, QmV, Qmc, and Qmo of the various component parts will 
all be at least as large as Qfr. This gives each component part approxi- 
mately the same factor of safety. The capacity without freeboard usually 
will be slightly larger than the required capacity, because only component 
parts of even dimensions are considered. A component part of a given size 
or set of dimensions will have associated with it a maximum discharge which 
it is capable of conveying without freeboard. This maximum discharge is 
the capacity without freeboard Qm of that component part which is equal to 
or slightly greater than the required capacity without freeboard Qfr, be- 
cause the next smaller component part has a capacity without freeboard less 
than Qfr. 

Symbols. The symbol Q with subscripts is being used for both discharge 
and capacity. For instance, the symbol Q with the subscript m is used to 
designate the capacity of the chute without freeboard Qm. The capacity of 
the chute without freeboard is dependent upon the size of the chute or on 
the various dimensions of the chute. The subscript i is added to the sub- 
script m to designate the capacity of' the inlet without freeboard Qmi. 
Likewise, the subscript v is added to denote the vertical curve section, 
the subscript c to designate the channel, and the subscript o is added to m 
to signify the outlet. For example, Qmi, Qmv, QmcJ Qmo, and Qm are respec- 
tively the capacity without freeboard of the inlet, the vertical curve sec- 
tion, the channel, the outlet, and the chute as a whole. The capacity with- 
out freeboard of the chute as a whole Qm is equal to the smallest of the 
values Qmi Qmv , &mc and Qmo 

The symbol Qs designates the capacity of the chute with the recommended 
freeboard. The value of Qs is dependent on the dimensions of the chute and 
the recommended freeboard. The subscripts i, V, c, and o will have the same 
meaning as before and QSi, Qsv, Qsc, Qso, and Qs are respectively the ca- 
pacity with the recommended freeboard of the inlet, vertical curve section, 
channel, outlet, and the chute as a whole. The capacity with the recomrnended 
freeboard of the chute Qs is equal to the smallest of the values Qsi, Qsv, 
Qsc, and Qso. Observe that an inlet with given dimensions will have a defi- 
nite capacity without freeboard regardless of the recommended freebond. 
The capacity of this inlet with the recomrnended freeboard is dependent not 
orJy on the dimensions of the inlet but also on the recommended freeboard. 

The dimensions of the straight inlet, namely h, M, and W will be used 
to determine the capacity wlthout freeboard of the inlet Qmi. The dimen- 
sions M, N,g, and W will. be used to determine the capacity without free- 
board of the vertical curve section. The dimensions N andW are used for 
determining Qmc; S, LB, Z, and W are used to determine Qmo These determin- 
ations will be given where the discussions of the various component parts 
are made. Since the width of the chute W is used in determining the capacity 



without freeboard for each of the component parts, the symbol q will be used 
to denote the discharge per foot width. Likewise, the symbols qMi, qmY, qmc, 
q,,, and q, are used to designate respectively the capacity without freeboard 
per foot width of the inlet, vertical curve section, channel, outlet, and the 
chute 21,s a whole. 

The discharge Q through a chute can be any quantity ranging in value 
from zero to the capacity without freeboard Q,. If Q is greater than Q,, 
then the chute is overtopped and the discharge relationships given for com- 
ponent parts are not applicable. 

The design discharge Qr is that discharge the chute and each of its 
component parts is required to convey with the recommended freeboard. The 
required capacity without freeboard Qfr of the chute and each of its com- 
ponent parts is obtained by use of Qr in Eq. 2.1. Thus the capacity without 
freeboard of each of the component parts Qmi, Qmvt Qmc, and Qmo will be 
equal to or slightly larger than the required capacity without freeboard Qfr 
because only even dimensioned component parts are considered in evaluating 
Qmi, Qmv, Qmc, and Qmo- 

The definition of the few additional symbols will be considered at 
their first appearance. 



STRAIGHT TI'EETS 

Design Criteria of Straight Inlet. The straight inlet terminates in 
the downstream direction at the origin of the upper curve. (see Fig. 5.) 
The actual depth of flow at the origin of the vertical curve if positive 
floor pressures are maintained on the vertical curve is between dc and 
0.715 dc .' The depth is governed by entrance conditions to the vertical 
curve and will generally be between 0.80 CLc and 0.715 d,. If no vertical 
curve were provided downstream from the inlet--that is, a sharp break in 
grade existed at the downstream end of the inlet--the depth of' flow could 
be less than 0.715 dc because of the occurrence of negative floor pressures 
immediately downstream from the break in grade. The critical depth of flow 
occurs at a section approximately 3 dc upstream from the vertical curve 
which provides positive floor pressures. Supercritical flow exists in the 
portion of the inlet downstream from the section at which critical depth 
occurs. This portion of the inlet will be a prismatic channel to insure 
favorable flow conditions at the vertical curve section. The floor (or 
crest) of the straight inlet where supercritical flow exists should be 
paved for two reasons: 

a. Earth channel bottoms are unstable in regions of supercritical 
flow and will cause disturbed flow conditions in the steep chute. 

b. A concrete floor along with the anti-seep collar provides a 
means of constructing a cutoff of flow by piping. 

Supercritical 

Recommended 
Water level in 

FIGURE 5 

Discha,rge-Head Relationship for a Straight Inlet. The discharge-head 
relationship of a straight inlet is given by the weir formula 

where Q = discharge of inlet in cfs 
W = width of chute or inlet in ft 

'M. R. Carstens, Free Overflow has Rapidly Varying Characteristics, 
Civil Engineering, June 1955, Page 64. 



H = depth of flow over the crest (or floor) of inlet 
in ft (see Fig.5.) 

He = specific energy head referenced to the crest of the 
inlet or the head over the crest of the inlet in ft 

v, = mean velocity of approach at which the depth H is 
measured in ft/sec 

g = 32 -16 ft/sec 2 

The coefficient 3.1 will vary for various entrance conditions to the 
vertical curve section. Its value is slightly larger when the channel con- 
veying water to the inlet is wider than the width of the inlet. The value 
3.1 is conservative and its use is predicated on the assumption that He and 
v, are measured in a section having subcritical flow. 

Capacity of e Straight Inlet. The capacity without freeboard Qmi of a 
straight inlet is determined by the dimensions h, M, and W of the inlet. 
The value of h will determine the capacity without freeboard at the crest 
qmh per foot width of chute. The value of M will determine the capacity 
without freeboard qm at the downstream section of the inlet. The lower 
value of q d  2nd qm is the capacity of the inlet without freeboard qmi. 

The capacity without freeboard at the crest q* of the inlet is given 
by Eq. 2.4, page 2.10, when the head over the crest is equal to the height 
of the sidewalls. 

where qfi = the capacity at the crest of the inlet without 
freeboard in cf s/ft 

h = height of sidewalls over the crest in ft 

Values of q h  for various values of h are given by Table 1, ES-82, 
page 2.14. 

The section at the downstream end of the straight inlet has a sidewall 
height M equad to the height of the sidewall of the vertical curve section 
at this section. The criteria for determining the capacity q , ~  is given in 
the discussion of Verticel Curve Sections, page 2.121. Values of q , ~  for 
various values of M are given by Table 1, ES-88, page 2.125. 

As stated before, capacity of the inlet without freeboard qmi is equal 
to or slightly greater than the required capacity without freeboard qfr. 
Two types of straight inlets are given in the drawing of ES-82, page 2.13. 
The essential difference of the two types of inlets is the length of the 
inlet. For inlets having a capacity without freeboard of qmi = 20.196 cfs/ft, 
the value of M is 3,108 ft. When the capacity of the inlet without freeboard 
is equal to or less than q,i = 16.108 cfs/ft, the value of M is equal to h. 
Values of qmi are given by Table 2, ES-82, page 2.14. The capacities of in- 
lets without freeboard Qmi can be read from the graph of ES-82, page 2.15. 
The capacity qsi of the inlet can be determined by the relations 

qmi = (1.20 + 0.003 z) qsi 2.6 

The capacity qsi of inlets will be equal to or slightly larger than the de- 
sign discharge q,. 
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CHUTE SPILLWAYS: STRAIGHT INLETS 
Definition of symbols, Formulas, Dimensions, and Capacities 

Table 1 
C a p a c i t i e s  a t  
C r e s t  of I n l e t  

HYDRAULIC FORMULA 

Capacity of  s t r a i g h t  i n l e t  wi thout  f reeboard  

Qmi - QSi (1.20 + 0.003 Z )  - 3.1 ~ 3 ~ / ~  

Table 2 

DEFINITION OF SYMBOLS 

11 = Height of s i d e w a l l s  and wingwalls abovc f l o o r  i n  f t  
hr = S p e c i f i c  energy head a t  t h e  c r e s t  of t h e  i n l e t  c o r r e -  

spondxng t o  des ign  d i s c h s r ~ e  Qr i n  f t  
h f r  = S p e c i f i c  energy head a t  t h e  c r e s t  of t h e  i ~ l e t  c o r r e -  

sponding t o  t h e  d i s c h a r g e  Qfr i n  f t  
M = Height of s i d e w a l l  above f l o o r  a t  junc t ion  wi th  

v e r t i c a l  curve  s e c t i o n  i n  f t  
b i  = Required width of  f o o t i n g  at  junc t ion  of s i d e w a l l  and 

w i n m a l l  i n  f t  
W = Width of i n l e t  i n  f t  
Z = V e r t i c a l  drop from c r e s t  of i n l e t  and f l o o r  of S& 

o u t l e t  i n  f t  

He = S p e c i f i c  energy head a t  crest of i n l e t  cor responding  
t o  any d ischarge  Q t h e  i n l e t  i s  capable  of convey- 
i n g  i n  f t  

QL = Design d iscaarge  i n  c f s  
Q f r  = Required c a p a c i t y  without f reeboard  i n  c l s  
Qsi = Capacity of i n l e t  i n  c f s  
Qmi = Capacity of i n l e t  wi thout  f reeboard  i n  c f s  
Qmli = Capacity of i n l e t  wi thout  f reeboard  a t  t h e  c r e s t  i n  c f s  
Qfl = Capacity of i n l e t  wi thout  f reeboard  at t h e  o r i g i n  of 

t h e  upper v e r t i c a l  curve  i n  c f s  
Q = Discharge i n  c f s  
qsi = Capacity p e r  f o o t  width of  i n l e t  i n  c f s / f t  

qmi = Capacity p e r  f o o t  width of i n l e t  wi thout  f reeboard  
i n  c f s / f t  

Dimensions and C a p a c i t i e s  
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CHUTE SPILLWAYS: STRAIGHT INLETS 
Capacities without f reeboard  in c f s ;  Q m i  
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CHUTE SPILLWAYS: STRAIGHT INLETS;  Example 

EXAMPLF: -- 

Given: Design discharge Q, = 320 c f s  f o r  a chute width of W = 12 f t .  The v e r t i c a l  
drop of t h e  chute from the  c r e s t  of  t h e  i n l e t  t o  t h e  f l o o r  of t h e  SAF o u t l e t  i s  
31 f t .  No wave ac t ion  i s  an t ic ipa ted  i n  t h e  channel upstream from t h e  i n l e t .  

Determine: 1. Dimensions of  s t r a i g h t  i n l e t  f o r  t h i s  chute 
2.  Recommended freeboard i n  P t  
3. Actual freeboard i n  f t  
4. Capacity of t h i s  i n l e t  i n  c f s  

Solution: 1. The discharge Qfr t h e  i n l e t  i s  required t o  convey without freeboard i s  

a .  The ava i lab le  i n l e t  having a width of W = 12 f t  capable of  conveying t h i s  
discharge without freeboard a s  read from sheet  3 i s  h = 5.00 f t ;  M = 4.50 f t .  This 
i n l e t  i s  capable of  conveying 416 c f s  without freeboard 

b.  This cailculation can a l s o  be made by determining t h e  value of  q, = % , then 

The ava i lab le  i n l e t  capable of conveying t h i s  discharge according t o  t a b l e  2 sheet  
2 i s  again h = 5.00 f t ;  M = 4.50 f t  

2 .  The recommended freeboard is  t h e  d i f fe rence  i n  t h e  s p e c i f i c  energy heads a t  
t h e  c r e s t  required t o  discharge Qfy and Qr. The s p e c i f i c  energy head hr a t  the  c r e s t  
required t o  discharge t h e  design d ~ s c h a r g e  Q, i s  

[ Q r  I"' = [ 520 12/' 
h = -  
r 3 . 1  w (3.1) (12) = 4.20 f t  

The s p e c i f i c  energy head hfr a t  t h e  c r e s t  required t o  discharge t h e  recomended f ree-  
board discharge Qfr is  

The recommended freeboard i s  hf, - hr = 4.97 - 4.20 = 0.77 f t  

3 .  The a c t u a l  freeboard i s  t h e  d i f fe rence  i n  t h e  height  of  t h e  sidewall above t h e  
c r e s t  and t h e  s p e c i f i c  energy head hr a t  t h e  c r e s t  required t o  discharge t h e  design 
discharge Qr 

h - hr = 5 .0  - 4.20 = 0.80 f t  

I 4. The capaci ty of t h e  i n l e t  Qsi i s  t h e  discharge the  i n l e t  i s  capable of d i s -  
charging with the  recomended freeboard 

= 3.1 wh3/2 Q~~ = (1.20 + 0.003 z) Q~~ 

Gi = (3.1) (12) (5)3/2 = 415.9 cfs 41 . 
Q S ~  = 1.20 + O?O& (31) = 

cfs 
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BOX INLETS 

Each of the drawings, ES-90, ES-91, ES-92, and ES-93, pages 2.31, 2.55, 
2.79, and 2.95, pertains to a different variation of box inlets. Nomencla- 
ture is given on the dr~wings. 

On developing the spillway crest onto a plane ( i . e . ,  unfolding the side- 
walls into the same plane as the endwall) a rectangular weir having n crest 
length of (2 B + W) will be obtained for the box inlets illustrated by ES-90 
and the corresponding wlue for ES-91 is (2 B + W + 1). The weir crest of 
the type illustrated by ES-91 has a six-inch radius rounding on the down- 
stream edge. The development, onto a plane, of the weir crests of box inletL 
illustrated by ES-92 and ES-93 yields a trapezoidal weir with a level crest 
length of (2 B + W) end j to 1 sloping sides and the corresponding value for 
ES-93 is (2 B + W -t 1). For convenience in presentation, the vari~tions of 
box inlets are classified in the following manner. 

Classification of variations of Dr~.wing No. 
box inlets P ~ ~ g e  

ES-90 flat-rectanguhr weir box inlet 2.31 

ES -91 rounded-rectangular weir box 
inlet 2 3 5  

ES-92 flat-trapezoidal weir box inlet 2-79 

ES-93 rounded-trapezoidal weir box 
inlet 2.95 

Box inlets are usually used in association with large embankments or 
excavations when wave freeboard requirements are small. In some instances, 
they are also use& because a physical condition requires the head over the 
crest to be restricted to a small value. Elsewhere they may be used to 
facilitate drainage of perched water or to provide an outlet for a subsur- 
face pipe. 



Design Criteria of Box Inlets. The nappe over the box inlet crest 
falls free of the sidewalls and endwdl. The space between the nappe and 
its sidewall is partly or wholly filled with wa.ter hwing s helical motion 
about a horizontal axis. There is considerable disturbance in the water 
surface and uneven distribution of velocities and discharges in the basin 
immediately downstream from section B. (see Fig. 5A. ) The Slow will have 
acceptable velocities and discharge distribution at the entrance to the 
steep channel, section M, if that portion of the inlet from section B to 
section M bas 

a. a prismatic rectangular channel cross section with a level 
floor 

b. a minimum length of 3 dc 

This critical depth dc is associated with the capacity without freeboard 
Qmi in this prismatic portion of the inlet. These two criteria are based 
on preliminary model studies. 1 

The head-discharge relationship is dependent on the type of flow con- 
dition which exists for the discharge conveyed by the box inlet. A_n under- 
standing of flow conditions which exist for a given head He over the crest 
is important in determining head-discharge relationship. Flow through a 
box inlet is either of two flow conditions, both of which may be subdivided 
into two subcategories. A qualitative description of these flow conditions 
follows the brief outline. 

I. A free-flow condition exists at the crest of the box inlet. In 
other words, the discharge through the box inlet is not dependent on the 
depth of the box D. This discharge may be determined by only the crest di- 
mensions B, W, and He; i.e., the discharge is controlled by the crest. 

1. The discharge over the crest of the inlet is dependent only 
on the length of the developed weir (2 B + W) or (2 B + W + 1) as the case 
ma,y be, and the head over the weir He and is determinable by the weir formula. 
Here only two dimensions, He and the total length of the developed weir, are 
required to determine the discharge. 

2. The discharge over the crest of the inlet is not determin- 
able by the weir formula but is dependent on the values of He, W, and B. 
The discharge is less than that which would be predicted by the weir formula. 
This situation arises because the head over the crest He is so great that the 
flow over the crest behaves more as an orifice flow and the flow in the open- 
ing between the sidewalls above the crest may be loosely compared to flow 
through a weir with a length W. Three dimensions, He, B, and W, are required 
to determine the discharge for this flow condition. 

11. Submerged flow conditions exist at the crest of the inlet. This 
makes the discharge through the box inlet dependent on the value of D. Sub- 
merged flow conditions exist if the water-surface elevation downstream from 
the crest influences the discharge. 

I" Conducted by Mr. Fred W. Blaisdell, Hydraulic Engineer, ARS, St. 
Anthony Falls Hydraulic Laboratory. 



1. The discharge is dependent, in part, on a high tailwater 
which results from a shallow box (i.e., small D) when the outflow from the 
downstream end of the box inlet is unsubmerged. The submergence at the crest 
1s caused by a shallow basin in which the water-surface elevation at the up- 
per end of the basin is sufficiently high to affect the discharge over the 
crest. Tn this case, if the depth of the box were increased sufficiently, 
free-flow conditions at the crest would be obtained. The four dimensions B, 
W, He, and D are required to determine the discharge of this flow condition. 

2. The discharge is dependent, in part, on a high tailwater 
caused by channel conditions or obstructions downstream from the structure. 
This condition does not exist in a properly designed inlet for a chute spill- 
way. It may occur in a box drop spillway. 

Free-flow conditions exist at the crest of a box inlet whenever the tail- 
water downstream from the crest has no effect on the discharge. The tailwater 
in the basin will have no effect on the discharge when it has a sufficiently 
low surface elevation. When free-flow conditions exist at the crest of a box 
inlet, the dimension D can be increased without influencing the discharge Q; 
such a change would merely lower the elevation of the tailwater. Both sub- 
ca.tegories of free-flow conditions have discharges dependent only on the 
values of-the head over the crest He and the dimensions of the crest B and W. 
Thus, the crest of the box inlet is said to control the discharge when free- 
flow conditions exist at the crest. As the head over the crest He increases 
from zero, the discharge for free-flow conditions is defined by the weir for- 
mulas, Eq. 3.7, 3.8, 3.9, and 3.10, until the head He becomes large compared 
to W. Only the total value of (2 B + W) or (2 B + W + l), as the case may 
be, and the value of He are the two values required to determine the dis- 
charge Q for free-flow conditions for subcategory 1 in which the weir formula 
is applicable. 

When the head over the crest He is large compared to W, the weir formula 
predicts the discharge over the crest greater than the actual discharge Q. 
This a-ctucl discharge Q is dependent only on the three variables Be, B, and 
W for free-flow conditions of subcategory 2 in which the weir formula. is not 
applicable. The demarcation between the subcategories of free-flow condi- 
tions is given by the empirical relations Fqs. 3.73, j.8b, 3.9b7 and 3.10b 
when the value of B/W is small. 

Submerged flow conditions at the crest exist in a box inlet whenever the 
tailwater has an effect on the discharge over the crest of the inlet. Sub- 
mergence is caused by a tyilwater elevation about equal to or greater than 
the elevation of the crest of the inlet. The high tailwater may be caused 
by either a shallow box (i.e., a small value of D) or by channel conditions 
downstream from the inlet. The discharge of a box inlet with a submerged- 
flow condition at the crest but with a free-flow condition at its outlet is 
a function of the head over the crest He, the dimensions of the crest B and 
W, and the depth of the box inlet D. Thus four variables are required to 
deffne the discharge of a box inlet having a submerged flow condition caused 
by a shallow box depth D. 



When the submerged flow condition is the result of a high tailwater 
caused by conditions other than a shallow depth D, the five variables He, 
B, W, D, and t, are required to determine the discharge Q. The variable t 
is the depth of the tailwater above the floor at the outlet section of the 
box inlet. Observe that the classification of flow conditions through a 
box inlet has been divided into categories according to the number of vari- 
ables required to determine the head-discharge relationship. The determina- 
tion of a discharge in a box inlet requires two to five variables (dimen- 
sions) according to the category of existing flow conditions. 

Generally, if submergence at the crest occurs as a result of a shallow 
box, the various categories of flow will appear in the following order as 
the head over the crest is increased from zero: First, crest control in 
which the head-discharge relationship is determined by the weir formula; 
second, crest control i'n which the head over the crest He is large compared 
to the width W and the head-discharge relationship is not determinable by 
the weir formula; third, submergence at the crest as a result of a shallow 
box. Very often the flow will pass directly from the first to the third 
flow condition because the head Re has not become great compared to W before 
the submergence of the crest occurs. This can happen when the dimension D 
is small. 

When the approach channel to the box inlet is narrow, the discharge of 
the approach channel and box inlet is less than that of a wide channel and 
box inlet. Likewise, whenever the toe of the dike over the headwall of a 
rectangular inlet is near the crest, the head-discharge relationship is 
materially changed from that relationship for discharge-head having no dike 
effect. 

Capacities. Box inlets to chutes should be proportioned to produce 
free-flow conditions at the crest. Therefore only the head-discharge rela- 
tionship of box inlet having free-flow conditions are considered. The dis- 
charge-head relationship for the four variations of box inlets with various 
approach channel conditions are given in drawings ES-90, ES-91, ES-92, and 
ES-93. These values are based on the experimental model results of Fred W. 
Blaisdell and Charles A. Donnelly, Hydraulic Engineers, ARS, St. Anthony 
Falls Hydraulic Laboratory. The discharge-head relationship shown by these 
charts are only for free-flow conditions at the crest of the box inlet. The 
values of Dr as given by these charts are minimum values of the depth of the 
box inlet required to insure crest control. The value Dr may be increased 
from that shown without affecting the discharge Q. Decreasing the value of 
D, from that shown will decrease the discharge and submergence at the crest 
will occur at the discharge Q shown by the chart. 

The following weir formulas give the discharge-head over the crest re- 
lationship for only those box inlets having wide approach channels and no 
dike effect. Sheets 5 ,  6, and 7 of drawings ES-90, ES-91, ES-92, and.ES-93 
are a graphical solution of Eqs. 5.7, 3.8, 3.9, and 3.10, respectively. The 
weir formula for a flat-rectangular weir box inlet is 



when 3.7a 

and 3 . 3  

and 3 . 7 ~  

where 3.7d 

The weir formula for a 6-inch radius rounded-rectangular weir box inlet is 

and 

where 3.8d 

The weir formula for flat-trapezoidal (zo:l side slopes) weir box inlets is 

when 3.9a 

and 3.9b 

and 3 . 9 ~  

where 3.9d 

(210-VI-NEH-14, Amend. 1 ,  September 1985) 
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The weir formula for a 6-inch radius rounded-trapezoidal (zo:l side slopes) 
weir box inlet is 

Q = 3.1 (2 B + Y  + 2 + 0.8 zo 8,) %3/2 when 

(W Z 4 ft) and 

and 

W + 1  2 
p - 3 @ + 2  [ 2 1 3 + ~ + 0 . 8 ~ ~ ~ ~ + 2 ]  = O  where 

where Q = the discharge for free-flow condition at the crest of the box 
inlet in cfs 

Be = the head over the crest of the box inlet in ft 
W = inside width of the box inlet (distance between the sidewalls) 

in ft 
B = inside length of the level portion of the crest on one side of 

the box inlet in ft 
D, = required depth of box inlet, distance from the crest to the 

floor, causing impending submerged-flow conditions at the 
crest in ft 

zo = side slope of crest of weir of the box inlot 

Only Eq. j .7 and ES-90 will be discussed, but the s m e  disc7~ssion is 
applicable to Eqs. 3.8, 3.9, and 3.10 and ES-91, ES-92, and ES-93. Equations 
3 . 3  and 3 . 7 ~  glve the intervals of values of Be and Q in which the weir For- 
nul?  Eq. 3.73 for box inlets is applicable when D is chosen sufficiently 
large. The upper limit of He given by Eq. 3.7'5 is the greatest value of He 
for which the weir formula is applicable. Values of He grester than this 
upper limit of I?, represent a flow conditio~ of the second subcategory listed 
under free-flow conditions at the crest. The linitation of the discharge Q 
irnposed by Eq. 5 . 7 ~  is the result of lack of experimental data to confirm the 
validity of E q .  3.7a fcr the larger values of He associated with the large 
values of B/W. The d e r t h  Dr required to cause impending submergence at the 
crest of the box inlet is determinable by the cubic equation 3.7d. Equation 
3.7e gives the root of Eq. 1 . 7 ~  which is to be used. 

The graphical solution of Eq. 3.7 is given on sheets 5, 6, and 7 of 
ES-90. The region represented by the graph is for free-flow conditions at 
the crest. Another type of graph would be required to represent flow condi- 
tions involving submergence at the crest. The clear portion of this graph 

(210-VI-NEH-14, Amend. 1, September 1985) 



defines the discharge in accordance with the weir formula Eq. 3.7a. The 
stippled region is for free-flow conditions for which the weir formula, does 
not predict the proper discharge. Formulas for this region have not been 
included because of their complexity. 

The va.1idity of Eqs. 3.9 and 3.10 is partially confirmed by experimental 
results obtained by Mr. Neal E.  insh hall' and the results obtained under the 
direction of Dr. Arno T. Lenz at the University of Wisconsin. 2 

Capacity. The capacity without freeboard Qmi of a box inlet having 
free-flow conditions at the crest, a wide approach channel, and no dike ei?- 
fect is determined by the dimensions h, B, D, W, and M of the inlet. The 
values of h, D, B, and W will determine the capacity without freeboard at 
the crest Qmh. The value of D is to be sufficiently large to insure fyee- 
flow conditions at the crest (i.e., D 2 D,) as given by sheets 5, 6, or 7 
of ES-90, pages 2.35, 2.36, and 2.37. The capacity without freeboard at 
the crest Q& is equal to the discharge Q of the box inlet when the head over 
the crest He is equal to h. The value of M and W will determine the capacity 
without freeboard Qfi at the downstream section of the box inlet. The lower 
value of Qmh Or Q m  is the capacity of the inlet without freeboard Qmi. 

Bead-discharge Relationship for Box Inlet with Narrow Approach Channel. 
When the approach channel to the box inlet is narrow, the discharge-head re- 
lationship of the channel and box inlet is changed from the discharge-head 
relationship of the box inlet alone as given by sheets 5, 6, and 7 of ES-90, 
or Eq. 3.7. The discharge QK of a box inlet having a narrow channel and a 
given head over the crest is less than the discharge Q for the same box in- 
let located in a wide channel or reservoir and operating with the same given 
head over the crest. Further, the discharge QK of a box inlet having a 
narrow approach channel is not greater than that discharge of the narrow 
channel terminating with a free overfall. The relationship of QK and Q is 

where QK = the free-flow discharge of a given box inlet in a narrow chan- 
nel and a head over the crest of He in cfs 

Q = the discharge of the given box inlet as given by sheets 5, 6, 
or 7 of ES-90 (pages 2.35, 2.36, and 2.37) with the same 
head over the crest He in cfs 

K = correction factor as given by sheets 9 and 10 of ES-90 (pages 
2.39 and 2.40) . The va.lue of K is a measure of the ef fi- 
ciency of the narrow approach channel and box inlet compared 
with the box inlet alone. 

 insha hall, Neal E . , Evaluation of Wisconsin Gully Control Structures, 
Agricultural Engineering, January 1955. 

 asti ti an, R. K., Olson, E. G., and Plautz, I?. L., Model Test of Head 
Spillway, Thesis No. 463, June 1953. 



When the values of 

may be read from either sheet 9 or 10 of ES-90. The actual discharge QK 

be calculated since QK , Be, and W are all known. Also the value of K 
w ~ ~ 3 1 2  

may be read instead of QK 
and from sheets 5, 6, or 7 the value of Q de- 

U He3/2 
termined. Then it is possible to determine the value of QK = K Q. Either 
method of solving for the value of QK will give the same results. 

We + 0.8 2s He 
Along the curve K = 0.97, a scale of values K = W has been 

given. These values are associated with values of We which have the effect 
of a three percent decrease on the discharge, since K = 0.97 and the discharge 
of the box inlet with the approach channel width considered QK becomes equal 
to 0.97 times the discharge of the box inlet with no narrow channel effect Q. 
Theoretically the value of Wc would need to be infinitely great to have no 
effect on the discharge. 

Since it would be possible to obtain the discharge of a box inlet when 
the weir formula is applicable from sheets 9 and 10 if the line K = lwere 
drawn the purpose of sheets 5, 6, and 7 appear at first glance to be a repe- 
tition of data. Quite to the contrary, sheets 5, 6, and 7 defined the depth 
of the box inlet Dr at which impending submergence of the crest occurs and 
also showed by the stippled region the values of B, W, and He for which the 
weir formula is not applicable in defining discharge. Sheets 9 and 10 are 
applicable for only box inlets having values of W, B, He, and D with free- 
flow conditions at the crest in which the weir formula is qplicable. 

With the same head over the crest He, a box inlet having a narrow ap- 
proach channel does not require as great a depth of the box inlet Dr to 
prevent submergence of the crest as does the same box inlet located in a - 

ur 
wide approach channel. The value which would cause impending submergence 

of the crest at a given head He for box inlets located in narrow approach 
B T,- 
"fi 

channels may be determined at the point of intersection of the - line and 
B 

the - line of sheets 5, 6, or 7 of ES-90. 
W5/2 

W 

Box Inlet with Dike Effect. Whenever the toe of the dike covering the 
headwall of the rectangular weir box inlet is a small distance X from the - 

crest of the drop inlet, the discharge-head relationship is changed from that 
giv.en by sheets 5, 6, or 7 of ES-90 or Eq. 3.7. 

The actual discharge Qh of a flat-rectangular weir box inlet having a 
dike and narrow channel which influences the discharge may be found by use 
of the graph given by ES-90, pages 2.41 through 2.43. Only rectangular weir 
box inlets would have dikes near weir crest; a trapezoidal weir box inlet 
has its weir projecting upstream from the embankment through which the water 



is conveyed. The trapezoidal weir box inlet has an anti-seep collar near the 
center of the structure instead of a headwall, which is used in the rectangu- 
lar weir box inlet as an ant3-seep collar and end of the weir section. A 
good way to calculate the discharge Qh is to draw a plan view of the weir 
crest and the first approximation of the effective toe line of the dike. 
(see sheet 20, ES-90.) The crest of a flat-rectangular weir box inlet in 
plan view is coincident with the downstream face of the vertical walls form- 
ing the box. The crest of a rounded-rectangular weir box inlet in plan view 
is a line upstream a distance equal to the radius of rounding from the down- 
stream face of the vertical walls forming the box. (See ES-91, page 2.74.) 
The effective toe location of the dike cavering the hea&all is dependent upon 
the head wer the crest He and lies between the actual toe of the dike and 
the water line on the dike corresponding to the head He. The actual toe of 
the dike is the line formed by the intersection of the horizontal plane at 
crest elevation and the dike. The effective toe line for a dike having a 
zs to 1 slope is located a distance 0.4 zs He from the toe of the dike. (see 
ES-90, page 2.50.) The symbol r\ is used to designate the distance from the 
crest of the box inlet to the effective toe of the dike. This distance is 
measured in a direction perpendicular to the crest. This distance is 
7 = X + 0.4 z ,  He. The symbolp is used to designate the incremental dis- 
tance parallel to the sidewalls of the weir between successive values of q. 
The incremental lengths f3 are numbered by subscripts in an upstream direc- 
tion. The subscripts of pertain to end sections of f3 and are numbered in 
an upstream direction starting with the subscript o at the headwall. The bar 
aver 11, i.e., q, designates an average value of 7 for the particular incre- 
mental length f3 under consideration and the subscript of 7 equals the sub- 
script p when ?; is associated with the same incremental length B .  The value 
of % is the average of q and qi. For the incremental distance pi the 

i-1 
associated average distance to the effective toe of the dike from the crest 
of the box inlet 7 is 

The value of pi is to be selected as a small value when qi - qi,, is large. 

The subscripts of Ti's and g ' s  are equal when the and B values are associ- 
ated with the same incremental portion of the inlet. Therefore the average 
distance to the effective toe of the dike from the crest of the box inlet 7 
are also numbered by subscripts in an upstream direction from the headwall. 

Determination of the value of QA. Values of He, B, W, X's and gls  are 
given when the value of Qh is to be determined. The values of qi correspond- 
ing to the values of pi are determined when the head over the crest through 
each incremental distance is assumed to be %. The value of Qh for this 
assumption is determined in the following manner: 

- 
7 1 @1 

ia. Find the values of T, and pL corresponding to and - W = T l  

from ES-90, pages 2.41 to 2.43, where 



b . Find the values of TI,, and pl, corresponding to T, and 7 
- 
"2 

iia. Find the values of T, and p2 corresponding to - and T2 where W 

b . Find the values of T,,, and p2, corresponding 

Repeat steps iia and iib increasing the subscripts by unity 
as is required to reach the subscript n where 

- 
"3 to T, and - W 

for as many times 

When the last value pn is used in step iia, it will not be necessary to per- 
form step lib; that is, the value of is not required nor is it pos- - 

"n+l sible to obtain since no value of - W is given. If the assumption that He 

remains constant is valid, the actual discharge Qh of the rectangular-weir 
box inlet is 

Qh = (3.09 +'I-',) W He 4 2  

The head over the crest at the upstream section i of the incremental length 
pi varies throughout the length B of the box inlet if the dike causes and 
effect on the diskharge through the box inlet. Since'it is impossible to 
determine this head without first knowing the discharge, which is also being 
determined, an approximate Qh is first determined by assuming the head at 
each section i to be constant. After determining this approximate QA the 
heads at the upstream section i of each incremental length pi are determined. 
The section n has the given head over the crest He. The head Hei over the 
crest at any section i is 

The effective toe line of the dike covering the headwall is relocated using 
the values of Hei at each upstream section of the incremental lengths pi. 
The new values of Ti are calculated and steps ia, ib, iia, and iib are per- 
formed again for these new values of Ti. (see Ex. 7, page 2.49, ES-90. ) 

Determination of the value of B. Design problems will generally have 
the dike size given; that is, values of 7's and f3's along with Qfr, W, and 
h. The value of B is determined which will convey the discharge Qfr when 
the head over the crest He = h. 

The effective toe of the dike is determined corresponding to the head h 
as illustrated by the drawing ES-91, page 2.74. The calculations for the 
value of I3 for a flat-rectangular box inlet are performed by the following 
step procedure. 



i. Determine the value of Tn. This is the final value of T, 
required. 

- 
71 B 1 iia. Find the values of T1 and M, corresponding to - and Tl = - W W 

by pages 2.41 to 2.43. If T, < Tn then the required B > Dl; perform step 
iib and iiia. If T, > 'I?, then the required B < B1; perform step iv. - 

7.2 b. Find the values T1,, and pl,, corresponding to !I?, and. - W - 
iiia. Determine the value of T, 

- 
72 

and find the values of T, and p2 corresponding to 7, a d  - . If T, <Tn 

repeat steps iib and iiia increasing the subscript by unity for as many times 
necessary to attain a value of Ti > T, and perform step 4. 

- 
Ti 

iv. Find the value of T i  corresponding to 7 and Tn where 

The value of B becomes 

The head over the crest varies throughout the length B of the box inlet. The 
head over the crest at any section i is 

The effective toe line is relocated using the corrected head over the crest 
for each incremental length B .  New values of q are calculated and steps ii, 
iii, and iv are performed again. See Ex. 7, page 2.73, ES-91. 
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CHUTE S P I L L W A Y S :  F L A T - R E C T A N G U L A R  WEIR BOX I N L E T S ;  
Definition of symbols 

DEFINITION OF SYMBOLS 

B = Inside length of the box inlet measured from the downstream face of the endwall to the upstream face of the head- 
wall in ft 

D = Depth (i.e., distance from the crest to the floor) of the box lnlet Jn ft 
Dr = Required depth of box inlet to prevent submergence at the crest when the discharge is Q In ft 
h = Height of sidewalls above the crest of the box inlet in ft 
ht = Height of embankment above the top of sidewalls In ft 
He = Specific energy head abwe the crest of the inlet correeponding to any discharge Q the inlet is capable of con- 

veying in ft 
1 = Indices used for p, q, 7, T, and T 

QK K =a 
L = Length of developed crest = 2B + W 
M = Height of sidewall above the floor of the box inlet at the junction with the vertical curve section in ft 

q = Discharge per unit width W or q = in cfs/ft 

3 = Discharge corresponding to the head He of a box lnlet having no narrow approach channel or dike effect in cfs 
2, = Design discharge in cfs 
afr = Required capacity without freeboard in cfs 

= Capacity of inlet in cfs 
a,, = Capacity of inlet without freeboard in cfs 
ad - Capaclty of inlet without freeboard at the crest in cfs; discharge Q = Qmh when He = h 
 am^ = Capacity of inlet without freeboard at the origin Of the upper vertical curve in Cfs 
(QK)& = Capacity without freeboard of a box lnlet at the crest when a narrov approach channel 16 considered in cfs. 

The discharge Q = (QK)* when He - h. 
a~ = Discharge corresponding to the head He of a box inlet having a narrow approach channel in cfs 

ah = Discharge corresponding to the head of He of a box inlet having dike effect in cfs 
(QK),i = Capacity without freeboard of a box inlet and narrow approach channel of width Wc and downstream end section 

having a sidewall height M in cfs 
:QX)* = Capaclty wlthout freeboard of a box inlet at the crest when a narrow channel and dike are considered in cfs. 

The discharge QX I (Qh)* when He - h. 
(QX)mi = Cnpacity without freeboard of a box inlet when a narrow channel and dike effects are both considered as well 

as the downstream section having a sidewall height M in cfs 
t l  = That portion of the top width of the embankment covering the headwall upstream from the upstream face of the 

headwall in ft 
J = Wldth of inlet in ft 
4, = Bottom width of the approach channel for the box inlet in ft 

zc = Side slope (horizontal distance per vertical foot) of approach channel 
r ,  = Side slope (horizontal distance per vertical foot) of dike covering the headwall in the direction towarda the 

crest of the box inlet. (See sheet 2) 
GU = Side slope (horizontal distance per vertical foot) of dike covering the headwall in an upstream direction. (See 

sheet 2) 
X = Distance of the toe of the dike covering the headwall from the crest of the box inlet in ft 
2 = Vertical drop from the crest of the inlet to the floor of the SAF outlet in ft 
3 = An incremental length of distance B in ft (see figure, sheet 20) 

Wc + 0.8 zc H~ 
% = Ratio 

W 
QA A = g  

r = See formula sheet 4 or sheets 11 and 13 
P = Values read on chart of sheets 11, 12, and 13 
q = Distance between effective toe of dike covering the headwall and the crest of the inlet in ft 
I[ = Average distance of effective toe of dike covering the headwall from the crest of the box inlet in the incremental 

length p in ft 

!f = '" Dr where V > 1 (aee equations, eheet b )  
gZ/ = .. 

D 
j = Ratio $ 
I = Values read from graph of sheets 11, 12, and 13 

I I 
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CHUTE SPILLWAYS : FLAT-RECTANGULAR WEIR BOX INLETS ; 
Formulas 

FORMULAS 

The relationship of the discharge-head over the crest for a flat-rectangular weir box inlet having 
a wide approach ~h8nnel and no dike effect is 

Q = 3.1 (2 B + W) H ~ ~ / ~  when 

0 < H, r 0.49 w + 0.04 B and 

0 < Q  h 5.5 and 

These relations are expressed in graphical form by sheets 5, 6, and 7 where 

values of Heal2 and w ~ / ~  are given on sheet 8. When He > 0.49 W'+ 0.04 B, no algebraic relation- 
ship is given. The last two relations are a requirement of the value of D to prevent submergence 
of the crest. The relationship of the discharge-head over the crest for a flat-rectangular weir 
box inlet having a narrow channel effect but no dike effect is 

where the value of K is obtained from sheets 9 and 10. The value of QK may be obtained from sheets 
9 and 10 without determining the value of K. The value of K is 

The dlschrgs-head relationship of a flat-rectangular weir box inlet having a narrow channel and 
dike effect is given in graphical fonn by sheets 11, 12, and 13. 

The effective toe of the dike is a distance of 0.4 z, He (or 0.4 zu He) from the toe of the dike. 
At the headwall the effective toe of the dike is a dietance qo from the crest of the spillway or 

where the subscript n is equal to the integer designating the number of increments considered in 
the length B. The increments B are numbered by subscripts in an upstream direction. The sub- 
scripts of q pertain to the endpectlons of B and are numbered in an upstream direction starting 
with the subscript o at the headwall. The subscript of 7 equals the subscript of p when 7 is 
associated with the same incremental length B .  

- 
71 

The value of T ~ - ~ , ~  is read from sheets 11, 12, an& 13 at Ti-1 and -w The values of p are used 

to determine the head over the crest at the various sections along the length B and to determine 
the location of the effective toe of the dike. The head over the crest at section i is 

The actual discharge Qh is 
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CHUTE SPILLWAYS : FLAT -RECTANGULAR WEIR BOX INLETS ; 
Examples 

EXAMPLE 1 

Given: A flat-rectangular weir box inlet for a chute spillway. The inside dimensions are 
W= 10 ft, B = 6 ft, and D = 4 ft. The approach channel and the dike covering the headwall 

have no effect on the discharge of the inlet. 

Determine: 1. The head.H, over the crest at which the discharge Q begins to be affected by the 
dimension D; that is, the head He corresponding to impending submerged flow conditions at the 
crest. 

2. The discharge corresponding to the head He determined in (1). 

Solution: 1. Solving for the head He over the crest at which the discharge is affected by the 
B .  6 4 dimension D. The value of - 1s - = 0.6. The value of 6 = 2 is - = 0.4. The point of inter- 

B W 10 section of the line having the value of - = 0.6 and the line 6 = 0.4, sheet 5, has a value 
I-Ie 

W 
y = - = 0.256 or W 

H, = 0.256 (10) = 2.56 ft 
For heads over the crest greater than He = 2.56 ft, the discharge depends on the value of 
D = 4 ft as well as B, W, and He because submerged flow at the crest occurs. 

2. Solving for the discharge corresponding to H, = 2.56 ft. Since D is sufficiently 
large to insui-e no submergence of the crest, obtain from sheet 5 at the intersection of 
B D Q 

= 0.6 and 8 = - = 0.4 the value - = 0.883 or 
W p/2 

Q = 0.883 = 279 cfs 

If the value of D had been greater than 4 ft, the discharge corresponding to a head over the 
crest He = 2.56 ft remains the same; i.e., Q = 279 cfs. If the value of D had been less than 
4 ft, the discharge corresponding to a head over the crest He = 2.56 ft is not determinable 
from sheet 5 because the crest would be submerged as a result of a shallow box. 

Given: A flat-rectangular weir box inlet. The inside dimensions are W = 5 ft, S = 2 ft, and 
H, = 3.5 ft. The approach channel and the dike covering the headwall and the crest of the box 

inlet are sufficiently large to prevent any effect on the discharge of the inlet. 

Determine: 1. The actual discharge Q of the box inlet if flow at the crest is not submerged. 

2 .  The depth Dr of the box inlet required to prevent submergence of the crest for 
this discharge. 

3 .  The theoretical discharge Qt of the box inlet as determined by the weir formula. 

Solution: 1. Solving for the actual discharge of the box inlet. The value of $ is $ = 0.4 and 
A 

He. 3 5  B y = - 1s - = 0.7. The point of intersection of the lines ha-~ing the values of - = 0.4 and 
W 5 W 

He D r 
W 

- 2.92 and s value of 6 = = 0.866. y = - = 0.7 corresponds to a value of - - 
w5/" 

Q = 2.92 w5l2 = 2.92 ( 5 j 5 j 2  = 163.2 cfs 

2. Solving for the required depth Dr of the box inlet to prevent submergence 

5 .  Solving for the theoretical discharge of the box inlet as given by the weir 
formula 

Qt = 7.1 (2 +w) ~ ~ 3 1 2  

= J . I ~  (2) + 3 ( 3 . 5 ) 3 / 2  

The stippled-region shown on sheet 5 signifies the weir formula is not applicable in predicting 
the discharge for the points corresponding to the values of B, W, and 11, in this region. There- 

fore Part 3 is not a valid solution. 
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I CHUTE SPILLWAYS: F L A T  -RECTANGULAR WEIR BOX INLETS ; 
Examples 

EXAMPLE 3 

Given: A flat-rectangular weir box inlet for a chute spillway. The dimensions of the box inlet 
y e  W = 10 ft, B = 6 ft, D = 4 ft, h = 2.50 ft, and M = 7.75 ft. There is no effect cn the 

discharge due to a narrow channel or dike. 

Determine: 1. The capacity without freeboard at the crest Qinh in cfs. 

2. The capacity without freeboard at the origin of the upper vertical curve QmM 
in cfs. 

3 .  The capacity without freeboard of the box inlet Qmi in cfs. 

4. The capacity of the inlet Qsi if the total drop of the chute is Z = 25 ft. 

Solution: No consideration of channel and dike effect will be required. 

1. Solving for the capacity without freeboard at the crest Qmh 

B Qmh At the intersection of lines (see sheet 5) - = 0.6 and y = 0.25, read - = 0.855. Observe 
W w5/2 

D D r 
that the required value of S is 0.33 < 0.4 = -. If the value of.6 = - read from the chart 

W W 
had been greater than 0.4, then the value of Q* is indeterminable from the chart. 

Qmh = 0.855 w5/> = 0.855 = 270 cfs 

2 .  The capacity without freeboard at the downstream end of the box inlet Q d  may be 
read from Table 1, sheet 3, ES-88, for M = 3.75 ft and q , ~  = 26.74 cfs/ft. 

Qfi = W qm = 10 (26.74) = 267.4 cfs 

j. The capacity without freeboard of the box inlet &mi is the lesser of the values 
Qmh and QmM or is Q d  = 267.4 cfs. 

4. The capacity of the inlet having the recommended freeboard is 

EXAMPLE 4 

Given: A design discharge Qr = 270 cfs for a chute of width W = 10 ft and a sidewall height over - 
the crest h = 2 ft. The vertical drop of the chute from the crest of the inlet to the floor of 
the SAF outlet is Z = 30 ft. No wave action is anticipated in the channel upstream from the 
inlet. 

Determine: 1. The required capacity without freeboard Qfr. 
B 

2. The required ratio of - for a flat-rectangular weir if the approach channel and 
W 

dike are to have no effect on the discharge equal to the design discharge without freeboard Qfr. 

3. The dimensions B, D, and M for the flat-rectangular weir box inlet if the approach 
channel and dike have no efrect on the discharge Qfr. 

Solution: 1. Solving for the required capacity without freeboard Qfr 

Qfr = (1.2 + 0.003 Z )  Qr 

= 11.2 + 0.003 (30)]270 

Q,, = 348.3 cfs 

2. When the discharge of the inlet is Qfr, the value of B is to be determined such 

that the head over the crest is h = 2.0 ft. The value of !b2- = = 1.101 and 
ws/z (10 1512 

I h 2.0 B 
7 = - = - = 0.20. From sheet 5, read the value of - = 1.485 for free-flow conditions. W 10  W 
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CHUTE SPILLWAYS : FLAT -RECTANGULAR WEIR BOX INLETS ; 
Examples 

Continuation from Sheet 15 

3. ( a )  The required. value of B is  

B = u k] = M (1.485) = 11-85 ft 

Use B = 1 5 f t  

( b )  The required value of Dr t o  prevent submergence a t  t h e  c r e s t  i s  obtained by 

reading the  value of 6 a t  the  point  of in te r sec t ion  of the  l i n e s  y = 0.20 and - Qfr - - 1.101 or  

6 = 0.475. The required value of Dr i s  
$/" 

Dr = W 6 = 10 (0.475) = 4.75 f t  

Use D = 4.75 f t  

( c )  The value of M may be read from Table 1, sheet 3, ES-88, when 

Given: A f l a t - rec tangula r  weir box i n l e t  with t h e  dimensions B = 13.5 f t ,  W = 9 f t ,  h = 2.0 f t ,  
a n d  M = 4.00 f t ;  W, = 35.2 f t  and t h e  headwall i s  extended across t h e  channel. Thus no e f f e c t  

on t h e  discharge i s  obtained by a dike. The s ide  slope of the  approach channel i s  3 t o  1; 
zc = 3. 

Determine: 1. The capacity without freeboard a t  t h e  c r e s t  of t h i s  i n l e t  Qmh when t h e  e f f e c t  of 
D . -  the  narrow approach channel i s  not considered, and t h e  value of 6 = - I S  s u f f i c i e n t l y  l a r g e  t o  
W 

prevent submergence of t h e  c r e s t .  

2. The capacity without freeboard a t  t h e  o r ig in  of the  v e r t i c a l  curve QmM. 

3. The value of K .  

4. The capacity without freeboard a t  the  c r e s t  of t h i s  i n l e t  (QK)mh when the  e f f e c t  
D .  

ol' t h e  narrow approach channel i s  considered, and t h e  value of S = 1s sul ' f ic ient ly l a r g e  t o  
prevent submergence of the  c r e s t .  

5. The required depth of t h e  box i n l e t  Dr t o  insure free-flow conditions a t  t h e  c r e s t  
corresponding t o  t h e  discharge (QK) 

mh 
6. The capacity without freeboard of t h i s  i n l e t  (QK)  . when the  e f f e c t  of t h e  narrow 

r n l  
approach channel i s  considered. 

Solution: 1. Solving f o r  t h e  capacity without freeboard a t  the  c r e s t  Q* of t h e  box i n l e t  when 
the  width of the  approach channel i s  s u f f i c i e n t l y  g rea t  t o  prevent an e f f e c t  on  he capacity of 
t h e  i n l e t  and the  depth D i s  s u f f i c i e n t l y  l a r g e  t o  prevent submergence of t h e  c r e s t .  The 
capacity Q d  of the  box i n l e t  i s  equal t o  t h e  discharge of the  box i n l e t  with a head h over the  
c r e s t .  

' 7 - 5 - 1 . 5  and 
h 2 

v = T -  y = = 3 = 0.222 

B 
A t  t h e  in te rsec t ion  of a = 1.5 and y = 0.222, sheet 5, read t h e  vallze - - 

This i s  t h e  capacity without freeboard Qd aa t h e  c r e s t  of the box i n l e t  i f  D and t h e  channel 
width We a r e  both s u f f i c i e n t l y  g r e a t .  

2 .  Solving f o r  t h e  capacity without freeboard Q m ~  a t  the  o r i g i n  of t h e  v e r t i c a l  curve 
sec t ion .  This i s  read from Table I, sheet  3,  ES-88. When M = 4.00 f t ,  then gmlvl = 29.47 c f s / f t  . 

Qa = W q d  = 9 (29.47) = 265.2 c f s  
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Examples 

Continuation from Sheet 16 

3 .  Solving for the ratio 

B From sheet 9, the corresponding value of K when K = 4.444 and - = 1.5 is K = 0.82. 
W 

4. Solving for the capacity without freeboard (QK)* at the crest of the box inlet 

when the narrow channel effects are considered and free-flow conditions exist at the crest. 

B This could also be obtained from sheet 9 when r; = 4.444 and - = 1.5, read - - 
W 

(Q,), = 10.18 w h9I2 
= 10.18 (9)(2)3/2 

5 .  Solving for the required depth D, of the box inlet having the five given dimen- 

sions is read on sheet 5 at the intersection of the lines - = - = 
B ( )  259 1.066 and - = 1.5 

WS/~ (9 )5/2 W or 

D r 6 = - = 0.465 and D, = 0.465 (9) = 4.18 ft 
W 

The depth Dr is required to prevent submergence of the crest when Wc = 75.2 ft, and the dis- 
charge is (QK)mIl = 259 cfs . A value of D > 4 -18 ft will not increase the capacity without 
freeboard of this channel and box inlet. The capacity of the channel and box inlet for a 
D < 4.18 ft is not determinable by these charts; such a value will cause submergence at the 
crest. See Ex. 1. For construction purposes D will generally be chosen to be the next size 
larger than Dr when D is a multiple of 3 inches, or D = 4.25 ft. 

6. The smaller of the two values (QK)* = 259 cfs or Q& = 265.2 cfs is the capacity' 

without freeboard ( Q K )  . of the box inlet when the narrow approach channel effect is considered. 
ml 

Given: The problem of designing a flat-rectaneular weir box inlet for the design discharge 
7 = 200 cfs. The approach channel to the inlet has a width of Wc = 24.6 ft. The vertical 

drop from the crest of the inlet to the floor of the outlet is Z = 30 ft. The width W of the 
chute is 8 ft and the dimension h is 2.25 ft. The headwall is to extend across this channel 
and thus no consideration of dike effect is required. The side slopes of the approach channel 
are 3 to 1; zc = 7. 

Determine: 1. The required capacity without freeboard Qfr and qfr. 

2. The value of B when the effect on the discharge of the narrow approach channel is 
neglected. 

3. The value of K. 

4. The value of B when the effect of the narrow channel on the discharge is 
considered. 

5 .  The value of Dr required to prevent submerged flow conditions at the crest when 
the effect of the narrow channel is considered. 

6. The capacity of the box inlet without freeboard (QK)* at the crest considering 

the effect of the capacity of the approach channel and the dimension of B obtained in (4). 
7. The dimension M of the box inlet. 

8. The capacity of the box inlet without freeboard (QK) . when considering the effect 
of the narrow approach channel. ml 
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I CHLiTE SPILLWAYS: FLAT -RECTANGULAR WEIR BOX INLETS ; 
Examples 

Continuation from Sheet 17 

I Solution: 1. Solving f o r  the  required capacity without freeboard 

Qfr = (1.2 + 0.003 Z) Qr 

= c1.2 + 0.003 (j0fl200 

&fr = 258 c f s  

2. The value of B when the  e f f ec t  on the discharge of the  narrow approach channel is  
Q f r  2 9  

neglected may be obtained from sheet 5.  A t  the  in tersec t ion  of l i n e s  - = - = 1.425 and 

h 2 25 B Ws/2 8512 
y = - = --!g- = 0.281, r e a d z  = 1.04. 

W 

B = 1.04 W = 1.04 (8) = 8.32 f t  

I 3 .  The value of K may be read from sheet 9 a t  the  in tersec t ion  of the  l i nes  

W c  + 0.8 z, h 24.6 + 0.8 (3)(2 .25)  2% -- , = 9.56 and K = - 
8 = 3.75. Read K = 0.745. vJ h312 8 (2.25)3t- I '--- W 

4. The value of B when the  e f f ec t  of the  narrow channel on the  discharge i s  considered 
Q f r B 

i s  again obtained a t  t he  in tersec t ion  of l i nes  K = 3.75 and - = 9.56, read = 1.575 o r  
W h3l2 

I B = 1.575 (8) = 12.6 f t  ; U s e  B = 12.75 f t  

5. The value of Dr may be obtained on sheet 5 a t  the  in tersec t ion  of t he  l i n e s  
B 

Qfr * = l . 4 2 5 a n d ~ = l . 7 7 5 .  Th i s reads  
w512 8512 

Ur 
6 = F =  0.5625 or Dr = 0.5625W = 0.5625 (8) = 4.50 f t  

Use D = 4.50 f t  

I 6. Solving f o r  the  capacity o? the box i n l e t  without freeboard ( Q K ) ~ ~  a t  t he  c re s t  

B 12.75 
considering the e f f ec t  of the  narrow approach channel. From sheet 5 when W - = 7 = 1.59 

h 2 25 
and y = - = = 0.281, read W 

Qmh - =  1-95 
w512 

Q~ = 1.95 w5I2 = 1-93  (8)d2 = 353 CI.Y 

7. Solving fo r  the  dimension M a t  the  or ig in  of the v e r t i c a l  curve section. Given 

qfr = 32,25, see s tep  1, Read from Table 1, sheet 3, ES-88, the value M = 4.25 when 
qm = 32.27 and Qm = W q d  = (8) 32.27 = 258.16 cfs .  

8. Solving f o r  the  capacity without freeboard of the box i n l e t  (&Irni considering 
the e f f ec t  of the narrow channel and free-flow conditions. The value of ( Q ~ ) , ~  i s  equal t o  

the  smaller of the values (QK)* and Qm. 

( Q ~ ) , ~  = Q = 258.16 cfs  
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CHUTE SPILLWAYS : FLAT -RECTANGULAR WEIR BOX INLETS ; 
Examples 

This ex,unple pertainz to the deterniirintion of the discharge (actually a capacity) for cer- 
tz:in ;nlet, dike, an& :Approach chznr.el. ciirnensions when the head over the crest is given. The 
example requircs that the effective toe 01' the dike be determined. This determination is e 
converging approximntion procedure. The first qpproximstion is made by assuming the head over 
the cre~t as 7 constrjnt value (He = 'j ft) alon:: the length B and the effective toe of the dike 
is determined corresponuing to this he~d. T'nii, is shown by sheet 20. The second and final 
approximation is made from rcsdts obta:ned in the first approximntion. These results sre shown 
on sheet 24. 

ExamDle 7 of ES-91 illustrates the determination of the dimension B for a given discharge, 
the head over the crest, and other inlet, dike, end epprosch channel dimensions. 

Given: A flat-rectangular weir box inlet with the dimensions B = 24 ft, W = 12 ft, 11 = 3 ft, and 
T z 6 . 7 5  ft; =loo Et, X = f j  ft, tl = 4  ft, ht =1.0 ft, z U =  zs = zc = 5 . 

Determjne: 1. The capacity without freeboard at the crest of this inlet Qh when the narrow 
approach channel anri dike effect on discharge is not considered, and the value of D is assumed 
to be sufficiently 1ar;e for free-flow conditions at the crest. 

2. The capacity without freeboard et the section coincident with the origin of the 
upper vertical curve. 

3. The values of qi, Ti, h., and T .  for F, = 4 ft, B2 = 5.94 ft, B3 = 2.46 ft, 
p4 = 11.6 ft. 

4. The capacity trithout freeboard at the crest of this inlet (Qh) when the effect 
mh 

on the discharge due to the narrow approach channel an6 the dike is considered and free-flow 
conditions exist at the crest. 

5 .  The required depth of the box inlet Dr to insure free-flow conditions at the 
crest corresponding to the discharge (Q) ) 

mh 

6. The capacity without freeboard of th:s box inlet (Qh)mi when the effect on the 
discharge due to the narrow approach channel and the dike is considered. 

7. The value of A. for this box inlet and dike arrangerrent. 

Solution: 1. Solvin~ for the capacity without freeboard at the crest Qrnh of this box inlet when 
the dike effect is not considered. 

! B 
At the intersection of - = 2.0 and Y = 0.25, sheet 5, read the value - - W Qmh - 1.94 W 5 /  2 

y, = 1.94 w 5 / ~  = 1.94 (12)5/2 = 968 cfs 
This is the capacity without freeboard Qmh at the crest of the box inlet if D, W,, and X are 
all sufficiently large. 

2. Solving for the capacity without freeboard Q~ at the origin of the upper vertical 
curve. This is read from Tzble 1, sheet 7, ES-28. When M = 6.75 ft, then qda, = 64.59 cfs/ft. 

QdSf = W g r n ~  = 12 (64+59) = 775.1 cfs 

Continued on Sheet 21 
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CHUTE SPILLWAYS: FLAT -RECTANGULAR WEIR BOX INLETS ; 

Examples 

Continuation from Sheet 19 

3. The dimensions r\ , ql, q,, q,, q4 and Ti1, ?2, fi3, corresponding to 'p, = 4 ft, 

B2 = 5.94 ft, p3 = 2.46 ft, and B4 = 11.6 ft (when the head h = He = 3 ft) are given in the 
Bi ?Ii 

figure on sheet 20. These values along with values of and are tabulated 

The subscript i is an index. For example, in the tabulation, when i = 3, 'pi = B3 = 2.46 and - 
q, = 14.03. The various values of pi were arbitrarily selected. The upstream section of p, 
was selected to be coincident with the, point of intersection of the effective toe line of the 
dike and a 4 5 O  plane from the corner of the dike. See sheet 20. Other end sections of $ 
were selected according to location of changes in the values of q. 

T'ne values of B .  and:. are calculated using He = j ft. The head over the crest does not remain 

3 ft for each B and an adjustment for the variation in head will be made after using He = j ft. 

4. From the tabulation in step 3 and sheet 13, determine-'?+ in the following manner. 
B 9 

ia. Read the intersection of 2 = 7,  = 0.333 and $ = 0.717 and obtain W 
T1 = 1.86 and p1 = 1.095. - 

q 
b. Read the intersection of T, = 1.86 and $ = 0.819 and obtain T,,, = 0.326 

and pl,, = 1.07. 

62 iia. - The value of 7, = T , , ,  + = 0.326 + 0.495 = 0.821. Read the intersection 
'li 

of -i, = 0.821 and $ = 0.819 and obtain T, = 3.64 and y2 = 1.45. - - 
'13 b. Read the intersection of T, = 3.64 and j- 1.169 and obtain T ~ , ~  = 0.678 

and pZj3  = 1.14. 

83 iiia. The value of 7 ,  = T,,, + 7 = 0.678 + 0.205 = 0.883. Read the inter- - ." 
"3 section of 7 ,  = 0.883 and = 1.169 and obtain T3 = 4.40 and v3 = 1.25 - 

rl 
b. Read the intersection of 'I?, = 4.40 and $ = 3.967 and obtain T3,4  = 0.727 

and p, = 1.03. 

'p4 iva. The value of T~ = T , , ~  + y = 0.727 + 0.967 = 1.694. Read the intersec- 

94 
tion of T~ = 1.694 and = 3.967 and obtain T4 = 9.7. 

Continued on Sheet 22 
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I CHUTE SPILLWAYS : F L A T  -RECTANGULAR WEIR BOX INLETS ; 
Examples 

Continuation from Sheet 21 

The head over the crest He is taken to be equal to the value of h because the maximum dis- 
charge which this inlet is capable of handling through the weir section is being determined. 
This maximum discharge corresponds to a head over the crest of Re = h = 3 ft. As 

water approaches the headwall, the depth of flow decreases and thus the head over the crest 
also decreases in the direction towards the headwall. The head over the crest at sections 
1, 2, and 3 are to be evaluated. The head Be used in preparing the graph of sheets 11, 12, 
and 13 is that head over the crest at the upstream section of the particular incremental 
length f3 under consideration. Calculating the head over the crest at sections 3, 2, and 1, 
obtain 

The distance between the effective toe line and the crest of the inlet is recomputed at 
sections 1, 2, 3, and 4. The upstream section of the incremental length B, is relocated 
since the head over the crest at this section has been reduced from 3 ft to 2.47 ft and 
thus the effective toe of the dike has shifted in an upstream direction a distance of 
0.4 (j)(3.00 - 2.47) = 0.64 ft. This causes B3 to change from a value of 2.46 ft to 3.1 
ft and p, to change from 11.6 ft to 10.96 ft. The lower heads over the crest at sections 
1 and 2 cause the effective toe of the dike to shift in a direction toward the crest. 
The location of the upstream section of the incremental lengths p, and (3, remain unchanged. 

- 
qi Recomputing the effective toe line and values of Ti and . The result of the computations 

A 

are illustrated on sheet 24 and shown in the followins tabulation. 

- 
B 

ia. Read the intersection of 2 = r, - 0.355 and 2 = 0.606 and obtain W W 
T, = 1.80. - 

'I 
b. Read the intersection of T, = 1.80 and $ = 0 -695 and obtain a,, , = 0 .32O. 

B 
iia. The value of T, = T + 2 = 0.320 + 0.495 = 0.815. Read the intersec- - 1,2 W 

q.2 tion of T ,  = 0.815 and 7 j- 0.695 and obtain T2 = 3.32. 
- 

b. Read the intersection of T, = 3.32 and = 1.1 and obtain T ~ , ~  = 0.614. 

Concluded on Sheet 23 
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CHUTE SPILLWAYS : F L A T  -RECTANGULAR WEIR BOX INLETS : 

Examples 

Continuation from Sheet 22 

B 3  
iiia. The value of r3 = T~,, + - 0.614 + 0.258 = 0.872. Read the intersec- 

- W 
n 

I 

tion of .I, = 0.872 and $ = 1.1 and obtain T3 = 4.25. 
- 
"4 

b. Read the intersection of T3 = 4.23 and = 3.967 and obtain T3,4 = 0.70. 

84 
iva. The value of T4 = z3,4 + 7 = 0.70 + 0.914 = 1.614. Read the intersection - 

of Tq = 1.614 and 2 = 3.967 and obtain Q = 9.3. W 

The capacity without freeboard at the crest (Qh)mh when free-flow conditions exist at the crest 

and the effect of the narrow approach channel and dike on the capacity becomes 

A closer evaluation would be obtained by subdividing the intervals B2 and B3. 

5. The depth Dr required to insure free-flow conditi.ons at the crest of the inlet can 

B '7'73 l.9~ :,nd - = 2.0. From sheet. be obtained by reading the intersection of lines - - - = w 5 I 2  - 125/2 W 
D r 5 obtain 6 = - = 0.695 or 

W 

The depth Dr is requlred to prevent submergence of the crest of the inlet for the given narrow 
channel m u  dike when the discharge is (QX),,l, = 777 cfs. A value of D > 7.26 ft will not in- 

L I L . ,  

crease the capacity without freeboard.for this narrow channel, dike, and Fox inlet. The 
capacity of the channel, dike, and box inlet for a D < 7.26 ft is not determinable by these 
charts; such a value will cause submergence at the crest. See Ex. 1. For construction purposes 
D -dill eenerally be chosen to be the next size larger than D, when D is a multiple of 3 inches 
or D = 7.50 ft. 

6. The smaller of the two values ( Q h ) ~  = 777 cfs or Q,M = 775.1 cfs is the capacity 
without freeboard ( Q ~ )  . of the box inlet when thc effect of the narrow approach channel and 

m L 

dike on the cr.p:lcity is considered. 

7. The value of A is determined by the relatron 
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SECTION A-A 4 

Hydraulic formulas are given on Itc 7 
Capacities for th is  structure w ~ t h  a 

wide opprooch channel and no d ~ k e  
effect, are given on sheets 5,6,and 7. 

Numerical values  shawn 
are  suggested minimums. 
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;HUTE SPILLWAYS: ROUNDED-RECTANGULAR WEIR BOX INLET; Effect of 
narrow channel and dike on discharge 

ote - 
Hydraulic formulas are given on sheet 4. 

7 
Copac~ties for this structure with narrow approach 

channel ore given by sheets 9 and 10. 
i 

2 I ; j [ \6' '~ 6" fillets 
Capacities of this structure with dike effect are glven 

by sheets l I, 12,and 13. 

Required depths o f  box inlets are given by sheets 5,6ond 7. 

Numerical values shown 
are suggested minimums. 

(See sheet I for isometric view) SECTION ALONG CENTER LINE 
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I CHUTE SPILLWAYS: ROUNDED-RECTANGULAR WEIR BOX INL 
Definition of symbols 

L 

B = Inside length of the  box i n l e t  measured from t h e  dovnstream face of the endvall t o  t h e  upstream face of the  head- 
v a l l  i n  f t  

D = Depth (i.e.,  distance from the  c res t  t o  the  f loor )  of the box i n l e t  i n  f t  
& = Required depth of box i n l e t  t o  prevent submergence a t  the  c res t  vhen the discharge i s  Q i n  f t  
h = Height of sidewalls abwe the c res t  of the box i n l e t  i n  f t  

h t  = Height of embankment abwe t h e  top of s idevalls  i n  f t  
H, = Specific energy head above the  c res t  of the i n l e t  corresponding t o  any discharge Q the  i n l e t  i s  capable of con- 

veying in  
1 = Indices used f o r  6, q, q, r, and T 

QK K = B  
L = Length of developed c res t  = 2 B + V + 2 
M = Height of s idevall  above the f loor  of the box i n l e t  a t  the  junction v i t h  the  v e r t i c a l  curve section i n  f t  

1 q = Discharge per unit  vidth W o r  q = i n  c f s / f t  

Q = Discharge corresponding t o  the  head H, of a box i n l e t  having no narrow approach channel o r  dike e f fec t  i n  cfs  

Qr = Design discharge i n  c fs  
Qfr = Required capacity vithout freeboard i n  c fs  
Qsi = Capacity of i n l e t  in  cfs  
Qmi = Capacity of i n l e t  without freebcxrd i n  c f s  
Qmh = Capacity of i n l e t  ui thout  freeboard a t  the  c res t  i n  cfs; the discharge Q = Q,h when B, = h 
Qw = Capacity of i n l e t  vi thout  freeboard a t  the  origin of the upper v e r t i c a l  curve i n  c f s  
(QK)* = Capacity vithout freeboard of a box i n l e t  a t  the  c r e s t  when a n a r r w  approach channel i s  considered i n  Cfs; 

the discharge Q = vhen H, = h 
-. 

QK = Discharge corresponding t o  the  head H, of a box i n l e t  having a narrow approach channel i n  c f s  

Qh = Discharge corresponding t o  the  head of H, of a box i n l e t  having dike e f fec t  i n  c fs  
(QK)mi = Capacity without freeboard of a box i n l e t  and narrow' approach channel of vidth W c  and dovnstream end sect ion 

having a sidevall  height M i n  c f s  
= Capacity vi thout  freeboard of a box i n l e t  a t  the  c r e s t  when a n a m  channel and dike a re  considered i n  cfs; 

the  discharge Q)., = (ah)* when He = h 

(QA)mi = Capacity without freebcard of a box i n l e t  vhen a narraw channel and dike e f fec t s  a r e  both wnsidered a s  v e l l  
a s  the  dovnstream sect ion having a sidewall height M in  c fs  

tl = That portion of the top vidth of t h e  embankment covering the  headvall upstream from the upstream face of the  
headvall i n  ft 

W = Width of i n l e t  i n  ft 
W c  = Bottom vidth of the  approach channel for  the box i n l e t  i n  f t  
z, = Side slope (horizontal distance per v e r t i c a l  foo t )  of approach channel 

zs = Side slope (horizontal distance per ver t ica l  foot)  of dike covering the headWall i n  t h e  direct ion towards the  
c res t  of t h e  box i n l e t  ( see  sheet 2 )  

zU = Side slope (horizontal distance per ver t ica l  foot)  of dike covering the headvall i n  an upstream direct ion.  (S 
(see sheet 2) 

X = Distance of the toe of the dike covering the  headwall fmm the  c res t  of the box i n l e t  i n  Pt 
Z = Vertical  drop from t h e  c res t  of the i n l e t  t o  the  f loor  of the  SAF out le t  in  ft 

$ = An incremental length of distance B + 0.5 i n  f t  ( see  figure, sheet 20) 
Wc + 0.8 zc & 

K = R a t i o  
W + l  

T = See formula sheet 4 o r  sheets ll and 13 
T = Values read on chart, sheets U, l2, and 13 
7 = Distance betveen effect ive toe  of dike covering the  h e a h a l l  and the cres t  of the i n l e t  i n  ft 

i j  = Average distance of effect ive tw  of dike covering the  headvall from the c res t  of the  box i n l e t  i n  the  incremental 
lennth B i n  ft 

u = Values read f m  graph, sheets Il, 12, and 13 

J I I 
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CHUTE SPILLWAYS : ROUNDED-RECTANGULAR WEIR BOX INLETS ; 
Formulas 

FORMUUS 

The relationship of the discharge-head over the crest for a rounded-rectangular weir box inlet 
having a wide approach channel and no dike effect is 

& = 3.1 ( 2  B + W + 2) Heal2 when 

0 < He 5 0.49 W + 0.04 B + 0.31; (W 2 4 ft) and 

0 < Q 6 5.5 (W + 1)5/2 and 

where 

These relations are expressed in graphical form by sheets 5, 6, and 7 where 

W2/3 
values of fIe3l2, (U + l)'l2, and are given on sheet 8. When He > 0.49 W + 0.04. B + 0.51, 

(W + 1)43 
no algebraic relationship is given. The last two relations, are a requirement of the value of D to 
prevent submergence of the crest. The relationship of the discharge-head over the crest of a 
rounded-rectangular weir box inlet basriag a narrow channel effect but no dike effect is 

where the value of K is obtained f r m  sheets 9 and 10. The value of QK may be obtained from sheets 
9 and 10 without determining the value oZ K. The value of ,K. is 

The discharge-head relationship of a ~ & e d - r e c t a ~ u l a r  weir box inlet having a narrow channel and 
dike effect is given in graphical f o m  by sheets 11, 12, and 13. 

The effective toe of the dike is a distance of 0.4 z, Ee ( o r  0.4 zu He) from the toe of the dike. 
At the headwall the effective toe of the dike is a 8istme.e from the crest of the spillway or 

and 

where the subscript n is equal to the integer designating the number of increments considered in 
the length B + 0.5. The increments $ are numbered by subscripts in an upstream direction. The 
subscripts of q pertain to the end sections of f3 and are numbered in an upstrean direction start- 
ing with the subscript o at the headwall. The subscript of Sj  equals the subscript of f3 when ii is 
associated with the same incremental length f3. 

B 1  B i 
Tl = W+1 and Ti = + - W + 1 where i 2 2 

- 
'l i 

The value of ri-l,i is read from sheets 11, 12, and 13 at Ti-1 and - The values of are 
W + 1 '  

used to determine the head over the crest at the various sections along the length B + 0.5 and to 
determine the location of the effective toe of the dike. The head over the crest at section i is 

The actual discharge Q L  is 
Tn + 5.09 = 

Qh 

(W + 1) 

( 2 1 0 - V I - N E H - 1 4 ,  Amend. 1, September 1985) 
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H 
and no dike or narrow channel e f f ec t s .  y =  e W+1 
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H 
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CHUTE SPILLWAYS: ROUNDED-RECTANGULAR WEIR BOX INLETS; 
Effect  of narrow approach channels on discharge or capacities 
when free-flow conditions exist a t  the crest. 
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CHUTE SPILLWAYS : ROUNDED-RECTANGULAR WEIR BOX INLETS; 
Examples 

EXAMPLE 1 

Given: A rounded-rectangular weir box inlet for a chute spillway. The inside dimensions are 
W= 10 ft, B = 6 ft, and D = 4 ft. The approach channel and the dike covering the headwall 

have no effect on the discharge of the inlet. 

Determine: 1. The head He over the crest at which the discharge Q begins to be affected by the 
dimension D; that is, the head He corresponding to impending submerged flow conditions at the 
crest. 

2 .  The discharge corresponding to the head He determined in (1). 

Solution: I. Solving for the head He over the crest at which the 

B + O . 5 .  6 5  uulension 1). The value of - 1s - = 0.591. The value of 6 = W + 1 11 

= 0.341. The point of intersection of the line having the value of = 0.591 and the line 
W + 1  

He 
6 = 0.341, sheet 5, has a value y = W - j  = 0.218 or 

For heads over the crest greater than He = 2.40 ft, the discharge depends on the value of 
D = 4 ft as well as B, W, and He because submerged flow at the crest occurs. 

2. Solving for the discharge corresponding to H, = 2.40 ft. Since D is sufficiently 
large to insure no submergence of the crest, obtain from the chart at the intersection of 

-- 
+ O.' - 0.591 and 6 = W + 1 

w"" 
D = 0.3111 the value = 0.693 or 

(W + (W + 1)5/2 

If the value of D had been greater than 4 ft, the discharge corresponding to a head over the 
crest He = 2.40 ft remains the same; i.e., Q = 278 cfs. If the value of D had been less than 
4 ft, the discharge corresponding to a head over the crest He = 2.40 ft is not determinable 
from the chart because the crest would be submerged as a result of a shallow box. 

Given: A rounded-rectangular weir box inlet. The inside dimensions are W = 5 Et, B = 2 ft,. and - 
ITe = 3.5 ft. The approach channel and the dike covering the headwall and the crest of the box 
inlet are sufficiently large to prevent any effect on the discharge of the inlet. 

Determine: 1. The actual discharge Q of the box inlet if flow at the crest is not submerged. 

2. The depth Dr of the box inlet required to prevent submergence of the crest for 
this discharge. 

3 .  The theoretical discharge Qt of the box inlet as determined by the weir formula. 

B + 0.5 is 2.5 Solution: 1: Solving for the actual discharge of the box inlet. The value of - W + l  -6- 
He is 0.583. The point of intersection of the lines having the vai1les = 0.417 and 7 = --- 

W + I  
B + 0.5 He 0.583 corresponds to a value of of - = 0.417 and 7 = - =  -2.43anda 
W + 1  W + 1  

$/3 
(W + 1)5/" 

value of 6 = n, = 0.765. 
(w + 1)5/3 

2 .  Solving for the required depth Dr of the box inlet to prevent submergence 

3. Solving for the theoretical discharge of the box inlet as given by the weir 
formula 

Qt = 3.1[2 (B + 0.5) + (W + l)] H,"/~ 

= 3.1 [2 (2 + 0.5) + (5 + 111 3.53/2 
Qt = 223.3 cfs 

The stippled region shown on sheet 5 signifies the weir formula is not applicable in predicting 
the discharge for the points corresponding to the values of B, W, and He in this region. Therc- 
fore Part 3 is not a valid solution. 
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Given: A rounded-rectangular weir box inlet for a chute spillway. The dimensions of the box inlet 
y e  W = 10 ft, B = 6 ft, D = 4.25 ft, h = 2.5 ft, and M = 4.0 ft. There is no effect on the 

discharge due to a narrow channel or dike. 

Determine: 1. The capacity without freeboard at the crest &,h in cfs. 
2. The capacity without freeboard at the origin of the upper vertical curve Q d  in cfs. 

3. The capacity without freeboard of the box inlet Qmi in cfs. 

4. The capacity of the inlet Qsi if the total drop of the chute is Z = 25 ft. 

Solution: No consideration of channel and dike effect will be required. 

I. Solving for the capacity without freeboard at the crest Qmh 

B + O 5  
At the intersection of lines (see sheet 5) -----" = 0.591 and y = 0.227, read 

W + 1  
Qmh = 0.730. 

(W + 1)+ 
w"I3 

Observe that the required value of 6 is 0.350 < 0.363 = D. If the value of 
(w + 1l5l3 

~ 2 1 3  
6 = Dr read from the chart had been greater than 0.763, then the value of Q d  is 

(W + 1)5/3 
indeterminable from the chart. 

Qmh = 0.730 (W + L)~/' = 0.730 (10 c 1)5/2 = 293 C ~ S  

2 .  The capacity without freeboard at the downstream end of the box inlet Qd may be 
read from Table 1, sheet 3, ES-88, for M = 4.0 ft and q m ~  = 29.47 cfs/ft. 

Qd = W q m ~  = 10 (29.47) = 294.7 cfs 

7. The capacity without freeboard of the box inlet Qmi is the lesser of the values 
Qmh and Qm or is Qmh = 293 cfs. 

4. The capacity of the inlet having the recommended freeboard is 

Q . -  Qmi 2 = 230 C ~ S  
(1.2 + 0.00) Z )  1.2 + O?;O3 (25) 

Given: A design discharge Qr = 270 cfs for a chute of width W = 10 ft and a sidewall height over - 
the crest h = 2 ft. The vertical drop of the chute from the crest of the inlet to the floor of 
the SAF outlet is Z = 30 ft. No wave action is anticipated in the channel upstream from the 
inlet. 

Determine: 1. The required capacity without freeboard Q f r .  

2. The required ratio of for a rounded-rectangular weir if the approach chan- 
W + l  

nel and dike are to have no effect on the discharge equal to the design discharge without free- 
board Qf r. 

3. The dimensions B, D, and M for the rounded-rectangular weir box inlet if the 
approach channel and dike have no effect on the discharge Qfr. 

Solution: 1. Solving for the required capacity without freeboard Qfr 

Qfr = (1.2 + 0.007 z) Q, 
= [1.2 + 0.003 (30:l]270 

Qf, = 348.3 cfs 

I 2. When the discharge of the Inlet is Qf,, the value of B is to be determined such 

that the head over the crest is h = 2.0 ft. The valuc of Qfr = 34t. 3 = 0.868 and 

(w+I)'/' (IO+I.)'/~ 

I y = - -  B + 0.5 - = 0.182. From sheet 5, read the value of - = 1.29 for free-flow 
W + 1  11 W + 1  

conditions. Concluded on Sheet 16 
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Continuation from Sheet 15 

3. ( a )  The r equ i r ed  val.ue of B i s  

- 0 . 5  = (10 + 1 : (1 . ?9 )  - 0.5 = 13.69 f t  

Take B = 15.75 f t  

( b )  The r equ i r ed  value  of Dr t o  prevent  submergence n t  t h e  c r e s t  i s  obta ined by 

rending t h e  value  of 6 a t  the  uo ln t  of i i - t e r sec t ion  of t h e  l i n e s  y = 0.182 and 
Qrr 

+ 1!5~2  
= 0.8@ or  6 = 0.405. The r e q u ~ r e d  value of D, is 

Tzke D = 4.75 f t  

( c )  The value of M may be  r ead  from Table 1, shee t  3, ES-88, when 

Given: A r o u n d e d - r e c t a n ~ l l a r  weir  box i n l e t  wi th  t h e  dimension:: B = 13.5 f t ,  W = 9 f t ,  ti = 2.0 f t ,  
y d  M = !1.00 f t ;  W c  = 35.2 f't and tlie headwall i s  extended across  t h e  channel.  Tnur: no e f f e c t  

on t h e  discharge is obtained by a di.ke. The s i d e  s lope  of t h e  approach channel i:; j t o  1; 
Z c  = 3 - 

Determine: 1. The capaci ty  without f reeboard  a t  t h e  c r e s t  of t h i s  i n l e t  Q,h uheri th? e f f e c t  of 

Nzi. 
t h e  narrow approach chenncl i s  not  considered,  and t h e  value of 5 = D i s  s u f f i c i e n t l y  

lr irge t o  prevent submcrgencc of t h e  c r e s t .  (W + 11513 

7 .  The canaci ty  without f reeboard  at t h e  o r i g i n  of t h e  v e r t l c a l  curve Qd. 

3. The value  of K.  

4. The capaci ty  without f reeboard  a t  t h e  c r e s t  of t l l i s  i n l e t  (QIC)* when t h e  e f f e c t  
2/  3 

of t h e  narrow approach channel i s  considered,  and t h e  value  of 6 = D i s  s u f f i c i e n t l y  

l a r g e  t o  prevent submergence of t h e  c r e s t .  
(W + 1)5/3 

5 .  The required  depth of t h e  box i n l e t  11, t o  insure  frc.--flow condi.tions a t  t h e  c r e s t  
corresponding t o  t h e  discharge ( Q K )  

mh ' 
6. The capaci ty  without f reeboard  of' t h i s  i n l e t  (QK) . when t,he e f f e c t  of tlie narrow 

approach channel i s  considered.  
m l  

Solut ion:  I. Solving f o r  t h e  capaci ty  without f reeboard  a t  t h e  c r e s t  Qmh of t h e  box i n l e t  vhen 
t h e  wiuth oT t h e  approach channel i s  s u f f i c i e n t l y  p e a t  t o  prevent an e f f e c t  on t h e  capac i ty  
of t h e  i r i l e t  and t h e  depth D i s  su f f i c i en t l . y  l a r g e  t o  prevent submergence of t h e  c r e s t .  The 
capaci ty  Q,,h of t h e  box i n l e t  i s  equal  t o  t h e  d ischarge  of t h e  box i n l e t  wi th  a. head h over 
t h e  c r e s t .  

B + 0 . 5  A t  t h e  i n t e r s e c t i o ~ l  of ------ = 1.11 and y = 0.20, sheet  5 ,  read the value  Qml 1 
= 1.055 

W + 1  (W + 1 j 5 / >  

Q,, = 1.055 (W + l:'/' = 1 .055  (9 + l ) ~ / '  = 754- c f s  

This i s  t h e  capaci ty  without f reeboard  Q* a t  t h e  c r e s t  of t h e  box i n l e t  i f  D a i d  thc  channel 
w d t h  W c  a r e  both s u f f i c i - n t l y  g r e a t .  

2. Solving f o r  t h e  r a p a c i t y  without f reeboard  Q f l  a t  t h e  o r i e i n  of t h e  v e r t i c a l  
c u m e  sec t ion .  This ir- rend from Tnble 2 . )  shee t  3, ES-88. When IzI = 4.00 f t ,  tllen = 27.4'7 
cf s / f t .  

Qm = W q m ~  = fi (:?9.47) = 265.2 c f s  
Concluded on Sheet  17  
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Continuation from Sheet 16 

3. Solving f o r  t h e  r a t i o  

wc + 0.8 zc h 35.2 + 0.8 ( 3 ) ( 2 )  40 
K = - 2 - = 4.0 

(W + 1 )  10 10 

I B + 0.5 
From sheet  9, t he  corresponding value of K when K = 4.0 and - = 1.4 i s  K = 0.813. 

W + 1  

I 4. Solving f o r  t he  capacity without freeboard (QK)mh a t  t h e  c r e s t  of t h e  box i n l e t  

I when t h e  narrow channel e f f e c t s  a r e  considered and free-flow conditions e x i s t  a t  the  c r e s t .  

This could a l s o  be  obtained from sheet  9 when rc = 4.0 and = 1.4, read  
W + 1  

('~'lh = 9.55 or  
(W + 1) h3/" 

(QKK)* = 9.55 (W + 1) h3/* 

= 9.55 (10)(2)3/ '  

5 .  Solving f o r  t h e  required  depth Dr of t he  box i n l e t  having t h e  f i v e  given dimen- 
(QX!* 

s ions  i s  read on sheet  5 a t  t h e  i n t e r sec t ion  of t h e  l i n e s  -- 271 - 0.857 and 
(v + 11512 - ( l o ) s / z  

-- Bw++0;5 - 1.4  o r  

The depth D, i s  requi red  t o  prevent submergence of t h e  c r e s t  when W c  = 35.2 f t ,  and t h e  d i s -  
charge i s  (&)mh = 271 c f s .  A value of D > 4.31 f t  w i l l  not increase  t h e  capacity without 

freeboard of t h i s  channel and box i n l e t .  The c a p x i t y  of t he  channel and box i n l e t  f o r  a 
D < 4.31 f t  i s  not determinable by char ts ;  such a value w i l l  cause submergence a t  t he  
c r e s t .  See Ex. 1. For ccns t ruct ion  purposes D w i l l  genera l ly  be chosen t o  be t h e  next s i z e  
l a r g e r  than Dr when D i s  a mul t tp le  O F  3 inches, o r  D = 4.50 f t .  

6.  The smaller of t h e  two values (aK)* = 271 C ~ S  o r  QmM = 265.2 c f s  i s  t h e  capaci ty  

without freeboard (QKlmi of t h e  box i n l e t  when the  narrow approach channel e f f ec t  i s  considered.  

Given: The problem of designing a rounded-rectangular weir box i n l e t  f o r  t h e  design discharge - 
Qr = 200 c f s .  The approach channel t o  t h e  i n l e t  has a width ofWc = 24.6 f t .  The v e r t i c a l  
drop from t h e  c r e s t  of t h e  i n l e t  t o  t h e  f l oo r  of t h e  o u t l e t  i s  Z = 30 f t .  The width W of t h e  
chute i s  8 f t  and the  dimension h i s  2.25 f t .  'The headwoll i s  t o  extend across  t h i s  chznnel 
and thus no consideration of d ike  e f f e c t  i s  required.  The s ide  slopes of t he  approz.ch channel 
a r e  3 t o  1,: zc = 3. 

Determine: 1. The required  capacity without freeboard Qfr and qf, 

2 .  The value of B when the  e f f e c t  on the  discharge of t he  narrow qprouch  channel is  
neglected.  

3. The value of K .  

I 4. The value of B when t h e  e f f e c t  of t he  narrow c h m n d  on tile discharge i c  
considered. 

I 5 .  The value of Dr required  t o  prevent submerged flow condi t ions  at t he  c r e s t  when 
t h e  e f f e c t  of t he  narrow channel i s  considered.  

6. The capaci ty  c ~ f  t h e  box i n l e t  without freeboard (QK) a t  t h e  c r e s t  considerine 
t h e  e f r e c t  of t h e  capaci ty  o f  t h e  approach channel and the  dirnens%n of B obtained i n  ( 4 ) .  

7.  The dimension M of t he  box i n l e t .  

8.  The capacity of t h e  box i n l e t  without freeboard (QK) . when considering the  e f f e c t  
of the  narrow approach channel. ml 

Concluded on Sheet 1.8 
L 
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Continuation from Sheet 17 

( Solution: 1. Solving for the required capacity without freeboarci 

2. The value of B when the effect on the discharge of the narrow approach channel is 

neglected may be obtained from sheet 3.  At the intersection of lines Qfr = 258 

h 2.25 B + 0.5 
(w+ 1)5/2 (8+1)5/2 

= 1.062 and y = - = = 0.250, read- = 0.875. 
W + l  W + 1  

3. The value of K may be read from sheet 9 at the intersection of the lines 

Qfr 258 = 8.49 and K = W, + 0.8 zc h 24.6 + 0.8 (3)(2.25) - = 3.33. 
(W + 1) h3/2 - (8 + l!(2,25)3/2 W + 1  8 + 1  

I Read K = 0.774 

I 4. The value of B when the effect of the narrow channel on the discharge is considered 

is again obtained at the intersection of lines K = 3.33 and Qfr 
= 8.49, read 

(W + 1) h3l2 
B + 0.5 - = 1.275 or 
W + l  

B = 1.275 (W + 1) - 0.5 = 1.275 (8 + 1) - 0.5 = 10.975 ft 

Use B = 11 ft 

I 5 .  The value of Dr may be obtained on sheet 5 at the intersection of the lines 

I Qfr B + 0 5  2 8  = 1.062 and - = 1 .27>. This reads 
(W + 1)+ - (8 + 11512 W + l  

I 6 .  Solving for the capacity of the box inlet without freeboard (QK)* at the crest 

B + 0.5 11 + 0.5 
considering the effect of the narrow approach channel. From sheet 5 when - = W + 1  + 1 

h 2 25 
= 1.28 and y = - + = 81- = 0.250, read + 1 

7. Solving for the dimension M at the origin of the vertical curve section. Given 
qfr = 72-25, see step 1. Read from Table I, sheet 7, ES-88, the value M = 4.25 when 
q r n ~  = 32.27 and Q m ~  = W q m ~  = (8) 32.27 = 258.16 cf s. 

8. Solving for the capacity without freeboard of the box inlet (QK)mi considering 
the effect of the narrow channel and free-flow conditions. The value of (QK)mi is equal to 
the smaller of the values (QK)mh and Q. 
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This example pertains to the determination of the dimension B required to convey a given discharge 
(Qfr) when the head over the crest, dike, and approach channel dimensions are given. The example 
requires that the effective toe of the dike be determined. This determination is a converging 
approximation procedure. The first approximation is made by assuming the head over the crest as a 
constant value (He = 3 ft) along the length B and the location of the effective toe of the dike is 
determined corresponding to this head. This is shown by sheet 20. The second and final approxi- 
mation is made from results obtained in the first approximation. These results are shown on 
sheet 24. 

Example 7 of ES-90 illustrates the determination of a discharge (r,ctuzlly a capacity) for certain 
inlet, dike, and approach channel dimensions when the head over the crest is given. 

Given: The problem of designing a rounded-rectangular weir box inlet for a design discharge - 
Qr = 500 cfs. The box inlet ic. f'or a chute having a width of W = 10 ft and the approach chan- 
nel is We = 61 ft. The height of the sidewalls over the crest is 11 = 3.0 ft and the toe of 
the d5ke covering the headwall is 8 ft from the crest. The side slopes of the channel and 
dike are to be 3 to 1 or zc = zu = z, = 3. The total drop Z from the crest of the inlet to t 
the floor of the outlet is 40 St. The value of t, is 4 ft and ht is 1 ft. 

Determine: 1. The design discharge without freeboard Qfr. 

2. The dimension B of the box inlet required to convey a discharge of Qpr if the 
approach channel and dike have no influence on the discharge and free-flow conditions occur at 
the crest. 

3 .  The dimension B of the box inlet required to convey a discharge of Qfr when the 
effect of the narrow approach channel and dike is considered and free-flow conditions occur at 
the crest. 

4. The dimension M at the outlet of the box inlet 
5. The value A .  

6. The dimension Dr required to prevent submergence at the crest. 

Solution: 1. The design discharge without freeboitrd is 

2. The d.imension B of the box inlet required to convey a discharge of Qfr = 660 cTs 
with free-flow conditions at the crest if the effect of the narrow approach channel and dike 
is neglected can be determined from sheet 5. The point of intersection of the lines 

B = 14.35 ft 
3 .  The dimension B of the box i.nlet required to convey a discharje of Qfr = 660 cfs 

with free-flow coinditions at the crest and the given approach conditions is determined in the 
following manner. The value of B is greater than 14.35 ft for these conditions. 

- - The dimensions qo, qL, q , q3, qq, and Tl, Q, q3, q4 correspond in^ to = k ft, e2 = 5.94 ft, 

B3 = 2.46 ft, and P, = ? (when the head h = H, = 3 ft) are given in the figure on sheet 20. - 
Bl These values alonl: with the values of -- li and - 

W + 1  W + l  
are tabulated. 

Continued on Stet1 21 
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Continuation from Sheet 19 

The subscript i is an index. For example, in the tabulation, when i = 3, pi = f3, = 2.46 and 
- 
q3 = 17.03. The various values of pi were arbitrarily selected. The upstream section of B, 
was selected to be coincident with the point of intersection of the effective toe line of the 
dike and a 45' plane from the corner of the dike. See sheet 20. Other end sections of f3 were 
selected according to location of changes in the values of q. 

The values of pi and iji are calculated using He =. 3 ft. The head over the crest does not re- 
main 3 ft for each p and an adjustment for the variation in head will be made after using 
He = 3 ft. The value of p4 is to be determined. 

i. Calculate the value of 

Tn = 8.43 - 
9 

W + 1  
'l 0.564. iia. Find the value of Tl and pl corresponding to -2- = 1.052 and 7, = - = 

W -t 1 
From sheet 13, read T, = 2.11 and p1 = 1.053. 

Tn > T1 
- 

q2 . .  
b. Read the intersection of T, = 2.11 and - = 1.168 and obtain 'r = 0.761 and 

W + l  1,2 
p1,2 = 1.042. 

ilia. The value of z, = T,,, + - p2 = 0.361 + 0.540 = 0.901. Read the intersection of - W + 1 
n 

T ,  = 0.901 and 2 = 1.168 and obtain T2 = 4.47 and p2 = 1.27. 
W + l  

- 
9, b. Read thc intersection of T2 = 4.47 and - = 1.35 and obtain T,,, = 0.811 and 

W + l  
p2 ,3 = 1.124. 

iva. The value of 'r, = -r 
B 3  

- 0.811 + 0.224 = 1.035. Read the intersection of + - -  - 2  W + 1 ", 
"3 

T~ = 1.035 and - = 1.55 and obtain T, = 5.37 and-v3 = 1.19. 
W + 1  

- 
q4 

b. Read the intersection of T, = 5.37 and W~ = 8.60 and obtain T ~ , ~  = 0.917 and 

I J . ~ , ~  = 1.055- - 

va. Find the value of T, corresponding to 2 = 2.60 and Tn = 8.43 and obtain from w + 1 
sheet 13. 

T, = 1.584 where z, = 
P4 

T 3 , 4  + W+l 

- =  P4 1.584 - 0.917 = 0.667 
W + l  

Continued on Sheet 22 
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The head over the crest He is taken to be equal to the value of h because the dimension of B is 
bei~g determmed which will convey the maximum discharge Qfr through this inlet. The maximum 
discharge Qfr corresponds to a head over the crest of He = h = 3 ft. As water approaches the 
headwall, the depth of flow decreases and the head over the crest also decreases. The heads 
over the crest at sections 1, 2, and 3 decrease in the direction of the headwall and are to be 
evaluated. The head He used in preparing the graph of sheets 11, 12, and 13 is that head over 
the crest at the upstream section of the particular incremental length p under consideration. 
Calculating the head over the crest at sections 3, 2, and 1, obtain 

H = h = 3 ft (Given) 
e4 

The distance between the effective toe of the dike and the crest of the inlet is recomputed at 
sections 1, 2, and 3 .  The upstream section of the incremental length B, is relocated since the 
head over the crest at thls section has been reduced from 7 ft to 2.66 ft. The effective toe 
of the dike has shifted in an upstream direction a distance of 0.4 (5)  (3.00 - 2.66) = 0.41 ft. 
T'nis causes p3 to change from a value of 2.46 ft to 2.87 ft and B4 will be re-evaluated. The 
lower heads over the crest of sections 1 and 2 cause the effective toe of the dike to shift in 
a direction towards the crest. The location of the upstream section of the incremental lengths 
p, and p2 remain unclianged. - 

m 
' l i  

Recomputing the effective toe line and values of Tii and --- 
W + 1 '  

The result of the computations 

are illustrated on sheet 24 and shown in the  following tabulation. 

ia. Read the in 

- 
13 'I1 

,rsection of A = T, = 0.764 and ----- = 0.982 and obtain T, = 2.10. W + 1 W + 1 

Tn > T1 
- 
? 

b. Read the intersection of T, = 2.10 and a = 1.082 and obtain T,,, = 0.360. 
W + 1  

8.2 iia. The value of -r2 = + - - 
W + 1  

- 0.360 + 0.540 = 0.900. Read the intersection of 
- 
'I 

of r 2  = 0.900 and 2 = 1.082 and obtain T2 = 4.33. 
W + 1  

Tn > TZ Concluded on Sheet 23 
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I CHUTE SPILLWAYS : ROUNDED-RECTANGULAR WEIR BOX INLETS; 
Examples 

ContinuatAon from Sheet 22 

- 
r13 

b. Read the intersection of T2 = 4.73 and - = 1.50 and obtain T,,, = 0.790. W + 1  

B 
iiia. The value of z, = T ~ , ~  + 1 = 0.790 + 0.261 = 1.051. Read the intersection of 

- W + 1  

T~ = 1.051 and - = 1.50 and obtah T3 = 9.57. 
W + 1  

- 
rl4 

b. Reaci tile intersection of T, = 5.57 and - = 2.60 and obtain T , ? ~  = 0.920. W + 1  
- 
q4 iva. Find the value of T, corresponding to - + 

- - 2.60 and T, = 8.43 and obtain from 
sheet 13 

Use B = 3-9-75 ft 

4. The value of M nay be read from Table 1, sheet 3, ES-88, and knowing 
qfr = 66 cfs/ft, read M = 7 ft and q& = 68.22 cfs/ft. 

5 .  A box inlet with free-flow conditions at the crest and dimensions B = 19.75 ft, 
W = 10 ft, h = 3 ft, will have a capacity at the crest as given by sheet 5. At the inter- 

h 
+ 0'5 - 1.84 and = - - - - section of lines - = - - 

W + 1  11 - 0.273, read 
w + 1 - 1 1  

I The value of h is 

6. The required depth of box inlet Dr to prevent submergence of the crest may be 
(Qd* 

determined at the point of intersection of lines 660 = 1.645 and 

-- 
(W + 11512 - (10 + 1)5/2  

+ 0.5 1.84. From sheet 5, read 
W + 1  - =  11 
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CHUTE SPILLWAYS: FLAT-TRAPEZOIDAL WEIR BOX INLET; E f fec t  o f  
narrow channels on discharge. 
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CHUTE SPILLWAYS : FLAT-TRAPEZOIDAL W ElR BOX INLETS; 
Definition of symbols 

DEFINITION OF SYMBOLS 

B = Inside length of t he  box i n l e t  measured from the  downstream face of the endwall t o  
t he  upstream face of the  headwall i n  f t  

D = Depth ( i - e . ,  distance from the  c r e s t  t o  the  f l o o r )  of the  box i n l e t  i n  ft  
Dr = Required depth of box i n l e t  t o  prevent submergence a t  the  c r e s t  when the  discharge 

i s  Q i n  f t  
h = Height of s ideva l l s  above the  c r e s t  of t he  box i n l e t  i n  f t  
H, = Specific energy head above the  c r e s t  of the  i n l e t  corresponding t o  any discharge Q 

the  i n l e t  i s  capable of conveying i n  f t  
QK K =q- 

L = Length of developed c r e s t  = 2 B + W + 0.4 zo He 
M = Height of sidewall above the  f l oo r  of the  box i n l e t  a t  t he  junction with t he  v e r t i -  

c a l  curve sect ion i n  f t  
Q q = Discharge per un i t  width W o r  q = i n  c f s / f t  

Q = Discharge corresponding t o  the  head Q of a box i n l e t  having no narrow approach chan- 
me1 o r  dike e f f ec t  i n  c f s  

Qr = Design discharge i n  c f s  
Qfr = Required capacity without freeboard i n  c f s  
QSi = Capacity of i n l e t  i n  c f s  
Qmi = Capaci,ty of i n l e t  without freeboard i n  c f s  
Qmh = Capacity of i n l e t  without freeboard a t  the  c res t ;  discharge Q = Qd when He = h 
QmM = Capacity of i n l e t  without freeboard a t  t he  or ig in  of t he  upper v e r t i c a l  curve i n  c f s  
(QK)* = Capacity without freeboard of a box i n l e t  a t  the  c r e s t  when a narrow apprmch 

channel is  considered i n  cfs;  the  discharge Q = (QK)* when He = h 

QK = Discharge corresponding t o  the head He of a box i n l e t  h a v r k  a narrow approach chan- 
ne l  i n  c f s  

(QK) . = Capacity without freeboard of a box i n l e t  and narrow approach channel of width W, m l  
and downstream end sect ion having a sidewall height M i n  c f s  

W = Width of i n l e t  i n  f t  
W, = Bottom width of t he  approach channel f o r  t he  box i n l e t  i n  f t  
z, = Side slope (horizontal  distance per v e r t i c a l  foo t )  of approach channel 

zo = Side s lope (horizontal  distance per v e r t i c a l  foo t )  of spillway c re s t  
Z = Vert ica l  drop from the  c r e s t  of the  i n l e t  t o  the  f l oo r  of t he  SAF ou t l e t  i n  f t  

Wc + 0.8 z, H, 
K = Ratio 

W 

@ = 
1 .2  g1I3 W2/3 

Dr where $ > 1 (see  equations, sheet 4) 
Q2/3 

He y = Ratio 

D r 6 = Ratio 7 
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I CHUTE SPILLWAYS : FLAT-TRAPEZOIDAL WEIR BOX INLETS ; 

FORMULAS 

The relationship of the discharge-head over the crest for a flat-trapezoidal weir box inlet 
having a wide approach channel and no dike effect is 

Q = 3.1 (2 B + W  + 0.8 ro H ~ )  H ~ ~ / ~  when 

O < H  s 
0.49 w + 0.04 B 

and - 1-0.016 zo 1-0.016 zo 

0 < Q 5 5.5 w"/~ and 

These relations are expressted in graphical fom by s'kts 5, 6, and 7 where zo = 5 and 

values of H , ~ / ~  and w ~ / ~  are given on sheet 8. When He > 0.51 W + 0.04 B, no algebraic 
relationship is given. The last two relations are a requirement of the value of D to 
prevent submergence of the crest. The relationship of the discharge-head over the crest 
for a flat-trapezoidal weir box inlet haviy a narrow channel effect but no dike effect 
is 

Q K = K Q  

where the value of K is obtained from sheets 9 and 10. The value of QK may be obtained 
from sheets 9 and 10 without determining the value of K. The value of K is 
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2.8, 
CHUTE SPILLWAYS : The discharge - head re lat ionship fo r  a FLAT-  

TRAPEZOIDAL weir box inlet with f r e e - f l o w  conditions at the crest 
and no narrow channel effects, z,= 3 : I 

REFERENCE 
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2.84 

CHUTE SPILLWAYS: The discharge-head relationship for a F L A T -  D 8. L 
W 

TRAPEZOIDAL  weir box inlet with f ree  - f low conditions at the crest He 
and no narrow channel effects,  z,= 3 : 1 y= - 

W 

I REFERENCE I I STANDARD DWG. NO 
This chart  was developed by Paul D. Doubt 
of the  Design Sect ion .  
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CHUTE SPILLWAYS : The discharge - head relat ionshiw fo r  a F L A T -  I 
TRAPEZOIDAL weir box inlet with f ree - f l ow  condi i ions at the crest 
and no narrow channel  ef fects,  z,= 3 : 1 
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o f  t h e  Des ign  S e c t i o n .  
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CHUTE SPILLWAYS: FLAT-TRAPEZOIDAL WEIR BOX INLETS; 
Ef fec t  of narrow approach channels on discharge or capacit ies 
when free-flow conditions exist a t  the crest.  
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CHUTE SPILLWAYS: FLAT-TRAPEZOIDAL WEIR BOX INLETS; 
Effect of  narrow approach channels on discharge or capacities 
when free-flow conditions exist a t  the crest. 
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CHUTE SPILLWAYS : FLAT-TRAPEZOIDAL WEIR BOX INLETS ; 
Examples 

Given: A flat-trapezoidal weir box inlet for a chute spillway. The inside dimensions are 
W= 10 ft, K = 6 ft, and D = 4 ft. The approach channel and the dike covering the headwall 

have no effect on the discharge of the inlet. 20 = 3. 

Determine: 1. The head He over the crest at which the discharge Q begins to be affected by the 
dimension D; that is, the head He corresponding to impending submerged flow conditions at the 
crest. 

2. The discharge corresponding to the head H, determined in (1). 

Solution: 1. Solving for the head He over the crest at which the discharge is affected by the 
B .  6 D .  4 dimension D. The value of - 1s - = 0.6. The value of 6 = - 1s - = 0.4. The point of inter- 
W 10 - W 10 

B 
section of the line having the value of - = 0.6 and the line 6 = 0.4, sheet 5 ,  has a value W 

He 
y = - = 0.218 or W 

B, = 0.218 (10) = 2.18 ft 

For heads over the crest greater than He = 2.18 ft, the discharde depends on the value of 
D = 4 ft as well as B, W, and He because submerged flow at the crest occurs. 

2 .  Solving for the discharge corresponding to He = 2.18 ft. Since D is sufficiently 
large to insure no submergence of the crest, obtain from sheet 5 at the intersection of 
B D 4 w = 0.6 :2nd 6 = = 0.4 the value ---- = 0.8&0 or 

w5/ 2 

If the value of D had been greater than 4 ft, the discharge corresponding to a head over the 
crest He = 2.18 ft remains the same; i.e., Q = 272 cfs. If the value of D had been less than 
4 ft, the discharge corresponding to a head over the crest He = 2.18 ft is not determinable 
from sheet 5 because the crest would be submerged as a result of a shallow box. 

EXAMPLE 2 

Given: - A flat-trapezo-i.d,l we'.r box inlet. The inside ciimensions are W = 5 ft, B = 2 ft, and 
He = 3.5 ft. The appro:.ch channel and the dike covering the heodw-,ll and the crest of the box 
inlet are sufficiently larce to prevent any efrect on the dischrrr;;e of the inlet. zo = 3 .  

Detemine: 1. The actual d;schar&e Q of the box inlet if flow at the crest is not submerged. 

2. The depth Dr of the box inlet required to prevent submergence of the crest for 
this discharge. 

3 .  The theoreticpl discharge Qt of the box Inlet as determined by the weir formula. 

B .  2 
Solutlon: 1. Solving for the actu:,l discharge of the box inlet. The value of - 1s - = 0.4 and w 5 

B 
y = 5 is = 0.7. The point of intersection of the Lines having the values of - = 0.4 and 

W 5 W 
He y = - = o  Q D r .7 corresponds to a value of - = 5.37 and :i value of S = 7 = 1.78. 

w5/2 

Q = 5.37 w5l2 = 5.37 (5)'/~ = 300.2 cfs 

Concluded on Sheet 12 

-- - 
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CHUTE SPILLWAYS : FLAT-TRAPEZOIDAL WEIR BOX INLETS ; 
Examples 

I Continuation from Sheet 11 
2. Solving for the required depth D, of the box inlet to prevent submergence 

D, = 1.38 w = 1.38 (9)  = 6.90 ft 

3 .  Solving for the theoretical discharge of the box inlet as given by the weir 
formula 

Q~ = 3.1 ( 2  B + w + 2.4 H,) ~ ~ 3 1 2  

= 1.1 (2) + 5 + 2.4 0.511 0.5)J' 

The stippled region shown on sheet 5 signifies the weir formula is not applicable in predicting 
the discharge for the points corresponding to the values of B, W, and He in this region. There, 
fore Part 3 is not a valid solution. 

Given: A flat-trapezoidal weir box inlet for a chute spillway. The dimensions of the box inlet 
y e  W = 10 ft, B = 6 ft, D = 4.75 ft, h = 2.5 ft, and M = 4.5 ft. There is no effect on the 

discharge due to a narrow channel or dike. zo = 3. 

Determine: I. The capacity without freeboard at the crest Qh in cfs. 

2 .  The capacity without freeboard at the origin of the upper vertical curve Qm 
in cfs. 

3 .  The capacity without freeboard of the box inlet Qmi in cfs. 

4. The capacity of the inlet Qsi if the total drop of the chute is Z = 25 ft. 

I Solution: No consideration of channel and dike effect will be required. 

1. Solving for the capacity without freeboard at the crest Q* 

I B Qmh 
At the intersection of lines (see sheet 5) - - 0.6 and y = 0.25, read --- = 1.085. Observe w - ~5/2 

D D r 
that the required value of 6 is 0.468 < 0.475 = . If the value of 6 = 7 read from the chart 

had been greater than 0.475, then the value of Qmh is indeterminable from the chart. 

Q, = 1.085 w5I2 = 1.085 = 343.0 cfs 

2 .  The capacity without freeboard at the downstream end of the box inlet QmM 'nay be 
read from Table 1, sheet 3, ES-88, for M = 4.50 ft and q m ~  = 35.16 cfs/ft. 

Q~ = w qmM = 10 (35.16) = 351.6 cfs 

3 .  The capacity without freeboard of the box inlet Qmi is the lesser of the values 
Qml; and Qd or i is Qmb. = 343 cf s . 

4. The capacity of the inlet having the recommended freeboard is 

Q m i  
Qsi = 

343 - = 269 C ~ S  

(1.2 + 0.003 Z)  1.2 + 0.003 (25) 
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CHUTE SPILLWAYS : FLAT-TRAPEZOIDAL WEIR BOX INLETS ; 
Examples 

EXAMPLE 4 

Given: A design discharge Q, = 270 c f s  f o r  a chute of width W = 1 0  f t  and a s idewal l  
he igh t  over t h e  c r e s t  h = 2 f t .  The v e r t i c a l  drop of t h e  chute  from t h e  c r e s t  of 
t h e  i n l e t  t o  t h e  f l o o r  of t h e  SAF o u t l e t  i s  Z = 30 f t .  The s lope  of t he  box i n l e t  
i s  zo = 3. N O  wave a c t i o n  i s  a n t i c i p a t e d  i n  t h e  channel upstream frorr t h e  i n l e t .  

Determine: 1. The requ i red  capac i ty  without freeboxrd Qfr -  
B 

2 .  The requ i red  r a t i o  of f o r  a f l a t - t r a p e z o i d a l  we i r  i f  t h e  approach 

channel and dike a r e  t o  have no e f f e c t  on t h e  dischnrge equal  t o  t h e  design d i s -  
charge without f reeboard Qfr  . 

3. The dimensions B, D, and M f o r  the f l a t - t r a p e z o i d a l  weir box i n l e t  if  
t h e  approach channel and dike have no e f f e c t  on t h e  discharge Qfr.  

So lu t ion :  1. Solving f o r  t h e  requ i red  capac i ty  without f reeboard  Qfr 

Qfr  = ( 1 . 2  + 0.005 Z)  Qr 

= [1.8 + 0.00) ( j0)]270 

Qf r  = 348.3 c f s  

2 .  When t h e  discharge of t h e  i n l e t  i s  Qf,, t h e  value of B i s  t o  be de te r -  

Q f r  348.3 
m'ned such t h a t  t h e  head over t h e  c r e s t  i s  h = 2.0 f t .  The va lue  of ---- = 

/ 
h 2 0  B = 1.101 and y = - = 2 = 0.20.  From shee t  5 ,  read t h e  value of - = 1 .26  f o r  f r e e -  
W 1 0  W 

flow condi t ions .  

3. ( a )  The r e q u i r e d  va lue  of B i s  

= 10 ( 1 . 2 6 )  = 12.60 f t  

U s e  B = 12.75 f t  

( b )  The requ i red  value of Dr t o  prevent submergence e t  t h e  c r e s t  i s  ob- 
t a i n e d  by reading the value of 6 a t  t h e  po in t  of i n t e r s e c t i o n  of t h e  l i n e s  y = 0.20 

Q f r  
and - = 1.101 o r  6 = 0.4'79. The requlred va lue  of D, i s  

W5/2 

Use D = 5 . 0  f t  

( c )  The value o f  M may be read  from Table 1, shee t  3, ES-88, when 
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CHUTE SPILLWAYS : FLAT-TRAPEZOIDAL WEIR BOX INLETS ; 
Examples 

EXAMPLE 5 

Given: A flat-trapezoidal weir box inlet with the dimensions B = 13.5 ft, W = 9 ft, h = 2.0 ft, 
a n d  M = 4.00 ft; We = 35.2 ft and the headwall is extended across the channel. Thus no effect 

on the discharge is obtained by a dike. The side slope of the approach channel is 3 to 1; 
zc = 3. The slope of the box inlet crest is zo = j. 

Determine: I. The capacity without freeboard at the crest of this inlet Q d  when the effect of 
D .  the narrow approach channel is not considered, and the value of 6 = - 1s sufficiently large to 

prevent submergence of the crest. 
W 

I 2. The capacity without freeboard at the origin of the vertical curve QmM. 

3. The value of K. 

4. The capacity without freeboard at the crest of this Inlet (Q when the effect 
D .  

~ ) m h  
of the narrow approach channel is considered, and the value of 6 = - 1s sufficiently large to 
prevent submergence of the crest. 

W 

I 5 .  The required depth of the box inlet D, to insure free-flow conditions at the crest 
corresponding to the dischar~e (QK)*. 

I 6. The capacity without freeboard of this inlet ( Q ~ ) ~ ~  when the effect of the narrow 
approach channel is considered. 

Solution: 1. Solving for the capacity without freeboard at the crest Q* of the box inlet when 
the width of the approach channel is sufficiently great to prevent an effect on the capacity of 
the inlet and the depth D is sufficiently large to prevent submergence of the crest. The 
capacity Q d  of the box inlet is equal to the discharge of the box inlet with a head h over the 
crest. 

I B At the intersection of - = 1.5 and y = 0.222, sheet 5, read the value - - 
W 

Qmh - 1.47 
p/' 

This is the capacity without freeboard Qmh at the crest of the box inlet if D and the channel 
width Wc are both sufficiently great. 

2. Solving for the capacity without freeboard QmM at the origin of the verticr-1 
curve section. This is read from Table I, sheet 3, ES-88. When M = 4.00 ft, then qm = 29.4'7 
cfs/ft . 

QmM = W q m ~  = 9 (29.47) = 265.2 cfs 

3. Solving for the ratio 

B + 0.11 z, 11 13.5 + 3.4 ( 3 ) ( ' 2 )  
From sheet 9, the corresponding value of K when K = 4.444 and W 

- 
3 

= 1-77 is K = 0.770. 

4 .  Solving for the capacity without freeboard (QK)* at the crest of the box inlet 
when the narrow channel effects are considered and free-flow conditions exist tit the crest. 

(Q,), = K Qmh = 0.770 (757) = 275 cfs 
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CHUTE SPILLWAYS : FLAT-TRAPEZOIDAL WEIR BOX INLETS ; 
Examples 

- - - 

Continuation from Sheet 14 

B + 0.4 zo h 
This could a l s o  be obtained from sheet 9 when K = 4.444 and W 

= 1.77, read 

5 .  Solving f o r  t h e  required depth Dr of the  box i n l e t  having t h e  f i v e  given dimen- 

B 
(QK)mh 275 - 1.132 and - = 1.5 sions i s  read on sheet 5 a t  t h e  in te rsec t ion  of t h e  l i n e s  - = - - 
W S / ~  (5,)5/2 W  or  

The depth Dr i s  require6 t o  prevent submergence of t h e  c r e s t  when W, = 35.2 f t ,  and t h e  d i s -  
charge i s  (QK)& = 275 c f s .  A value of D > 4.41 f t  w i l l  not increase t h e  capacity without 

freeboard of t h i s  channel and box i n l e t .  The capacity of the  channel and box i n l e t  f o r  a 
D < 4.41 f t  i s  not determinable by these charts ;  such a value w i l l  cause submergence a t  the  
c r e s t .  See Ex. 1. For construction purposes D w i l l  generally be chosen t o  be the  next s i z e  
l a rger  than Dr when D i s  a multiple of 3 inches, o r  D = 4.50 f t .  

6. The smaller of t h e  two values (QK)* = 275 c f s  o r  = 265.2 c f s  i s  the  capacity 

without freeboard (Q~) . of t h e  box i n l e t  when t h e  narrow approach channel e f f e c t  i s  considered. 
ml 

Given: The problem of designing a f l a t - t rapezo ida l  weir box i n l e t  f o r  the  design discharge 
&r = 200 cfs .  The approach channel t o  the  i n l e t  has a width of W, = 24.6 f t .  The v e r t i c a l  

drop from the  c r e s t  of t h e  i n l e t  t o  t h e  f l o o r  of t h e  o u t l e t  is Z = 30 f t .  The width W of t h e  
chute i s  8 f t  and the  dimension h i s  2.25 f t .  The headwall is  t o  extend across t h i s  channel 
and thus no consideration of dike e f f e c t  i s  required. The s ide  slopes of the  approach channel 
a r e  3 t o  1; zc = 3. The slope of the  box i n l e t  c r e s t  i s  zo = 3. 

Determine: 1. The required capacity without freeboard Qf, and qf,. 

2. The value of B when t h e  e f f e c t  on t h e  discharge of the  narrow approach channel i s  
neglected. 

3. The value of K. 

4. The value of B when t h e  e f f e c t  of t h e  narrow channel on t h e  discharge i s  
considered. 

5. The value of D, required t o  prevent submerged flow conditions a t  t h e  c r e s t  when 
t h e  effect; of the  narrow channel i s  considered. 

6 .  The capacity of t h e  box i n l e t  without freeboard (QK) a t  t h e  c r e s t  considering 
Iph 

t h e  e f f e c t  of t h e  capacity of the  approach channel an& t h e  dimension of B obtained i n  (4). 
7. The dimension M of the  box i n l e t .  

8. The capacity of t h e  box i n l e t  without freeboard (QK) . when considering the  e f f e c t  rn* 
of the  narrow approach channel. 

Solut ion:  1. Solving f o r  t h e  required capacity without freeboard i s  

Qfr = (1.2 + 0.003 Z)  Qr 

Q,, = 258 c f s  

Concluded on Sheet 16 
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CHUTE SPILLWAYS : FLAT-TRAPEZOIDAL WEIR BOX INLETS ; 
Examples 

Continuation from Sheet 15 

2. The value B when the effect on the discharge of the narrow approach channel is 

Qfr @- = 1.425 and neglected may be obtained from sheet 5. At the intersection of lines - - 
h 2 25 B W5/2 - 85/2 

y = - = % = 0.281, read - = 0 -710 W w 

3. The value of K may be read from sheet 9 at the intersection of the lines 

Qf r -- W, + 0.8 zc h 24.6 + 0.8 (3)(2.25) 
258 = 9 . 3 6 a n d ~ =  - - 8 = 3.75. Read K = 0.7415. 

w h3I2 8 ( ~ . 2 5 ) ~ / ~  W 

4. The value of B when the effect of the narrow channel on the discharge is considered 
Qf, 

is again obtained at the intersection of lines K = 3.75 and - = 9.56, read 
B + 0.4 2, h 

W h3I2 

W 
= 1.575 or 

B = 1.575 W - 0.4 zo  h = (1.575) 8 - 0.4 (3)(2.25) = 9-90 ft 

Use B = 10.0 ft 

5. The value of D, may be obtained on sheet 5 at the intersection of the lines 
Qfr 258 - = - = 1.425 and = = 1.258. This reads 
W5/2 a5/2 W 

Dr 8 = - = 0.569 or D, = 0.569 w = 0.569 (8) = 4.55 ft 
W 

Use D = 4.75 ft 

6. Solving for the capacity of the box inlet-without freeboard ( Q ~ ) ~ ~  at the crest 

B 10 
considering the effect oI the narrow approach channel. From sheet 5 when - = = 1.25 and W 

h 2.25 
y = - = = 0.281, read W 

&mh = 1.93 w5i2 = 1.93 (o)~/z = 349 cfs 

7 .  Solving for the dimension M at the origin of the vertical curve section. Given 
qfr = 32.25, see Step I. Read from Table 1, sheet 3, ES-88, the value M = 4.25 when 
qm = 32.27 and QmM = W qm = (8) 32.27 = 258.16 cfs. 

8. Solving for the capacity without freeboard of the box inlet (QKjmi considering 
the effect of the narrow channel and free-flow conditions. The value of ( ~ ~ j , ~  is equal to 
the smaller of the values (QK)* and QmM. 

(Q~),~ = &mM = 258.16 cfs 

SHEET 16 OF 16 I ENGINEERING DIYISION - DESIGN SECTION I DATE - -11 

REFERENCE 
U. S. DEPARTMENT OF AGRICULTURE 

SOIL CONSERVATION SERVICE 

STANDARD DWG. NO. 

ES- 92 



- 2.9: 
CHUTE SPILLWAYS: ROUNDED-TRAPEZOIDAL WEIR BOX I N L E T ;  

General layout. 

I HALF PLAN 

Numerical values shown 
are suggested minimums. 

SECTION ALONG CENTER-LINE 

Capacities for this structure (with a wide 
approach channel) ore gtven on sheets 

ISOMETRIC VIEW 

REFERENCE STANDARD DWG. NO. U. S. DEPARTMENT OF AGRICULTURE 
SOIL CONSERVATION SERVICE 

I ENGINEERING DMSION - DESIGN SECTION 



- -- -- - - 

CHUTE SPILLWAYS: ROUNDED-TRAPEZOIDAL WEIR BOX INLET; 
Effect of  narrow channels on discharge. 

PLAN 

Top of bonk of approach channel 

Capacities for this structure with narrow 

Numerical values shown 
a r e  sugges ted  minimums 

ISOMETRIC VIEW 

?EFERENCE 

Revised 10177 

ENGINEERING DIVISION - DESIGN SECTION 

U. S. DEPARTMENT OF AGRICULTURE 
SOIL CONSERVATION SERVICE 

SHEET ~ -&~-  
DATE 2,aT55 

STANDARD DWG. NO. 

ES- 93 

--- 



Definition of symbols 

DEFINITION OF SYMBOLS 

B = Inside length of the box inlet measured from the downstream face of the endwall to 
the upstream face of the headwall in ft 

D = Depth (i.e., distance from the crest to the floor) of the box inlet in ft 
Dr = Required depth of box inlet to prevent submergence at the crest when the discharge 

is Q in ft 
h = Height of sidewalls above the crest of the box inlet in ft 
He = Specific energy head above the crest of the inlet corresponding to any discharge Q 

the inlet is capable of conveying in ft 
QK K =r 

L = Length of developed crest = 2 B + W + 0.4 zo He + 2 
M = Height of sidewall above the floor of the box inlet at the junction with the vertical 

curve section in ft 
Q 

q = Discharge per wit width W or q = in cfs/ft 

Q = Discharge corresponding to the head I.I, of a box inlet having no narrow approach chan- 
nel or dike effect in cfs 

Qr = Design discharge in cfs 
Qfr = Required cagacity without freeboard in cfs 
Qsi = Capacity of inlet in cfs 
Qmi = Capacity of inlet without freeboard in cfs 
Qmh = Capacity of inlet without freeboard at the crest in cfs; the discharge Q = Q& when 

H , = h  
Q m ~  = Capacity of inlet without freeboard at the origin of the upper vertical curve in cfs 
(QK)* = Capacity without freeboard of a box inlet at the crest when a narrow approach 

channel is considered in cfs; the discharge Q = (QK)* when He = h 

QK = Discharge corresponding to the head He of a box inlet having a narrow approach chan- 
nel in cfs 

(QK),~ = Capacity without freeboard of a box inlet and narrow approach channel of width Wc 
and downstream end section having a sidewall height M in cfs 

W -- Width of inlet in ft 
W, = Bottom width of the approach channel for the box inlet in ft 
zc = Side slope (horizontal distance per vertical foot) of approach channel 
zo = Side slope (horizontal distance per vertical foot) of spillway crest 
Z = Vertical drop from the crest of the inlet to the floor of the SAF outlet in ft 

wC + 0.8 zc H, 
K = Ratio 

+ 

@ = 
1.2 g1I3 w 2 b  Dr where 6 > 1 (see equations, sheet 4) 

Q2/ 

= Ratio 

W2/3 
8 = Ratio D r 

(w + i)5/3 
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ZHUTE SPILLWAYS : ROUNDED-TRAPEZOIDAL WEIR BOX INLETS ; 
Formulas 

FORMULAS 

The reletionship of the discharge-head over the crest for a rounded-trapezoidal weir box 
inlet having a wide approach channel and no dike effect is 

Q = 3.1 (2 B + W + 2 + 0.8 z0 H,) H , ~ / ~  when 

O<H,S 0.49 w + '0.04~ + 

O''' (W 2 4 ft) and 
1 - 0.016 z0 I - 0.016 zo I - 0.016 zo ' 

0 < Q 5 5.5 (U + 1)5/2 and 

where 

T'nese relations are expressed in graphical form by sheets 5, 6, and 7 where zo = 7 and 

+/3 
values of H,'/', (W + 1I5l2, and are given on sheet 8. 

(W + 1)5/3 

When He > 0.31 W + 0.04 B + 0.53, no algebraic relat~onship is given. The last two rela- 
tions are a requirement of the value of D to prevenrt submergence of the crest. The rela- 
tionship of the discharge-head over the crest of a romded-trapezoidal weir b,ox inlet havin,: 
a narrow channel effect but no dlke effect is 

rrhere the value of K is obtained from sheets 9 and 10. The value of QK may be obtained from 
sheets 9 and 10 without determining the value of K. The value of K ;s 
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S t ~ p p l e d  area  gives those values of  B, W, and H, f o r  flow which t h e  weir formula is not applicable.  

B + 0.5 VALUES OF ~ , 5  
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w2h ,, CHUTE -SPILLWAYS : The discharge -head relationship for a ROUNDED - 
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CHUTE SPILLWAYS : ROUNDED-TRAPEZOIDAL WEIR BOX INLETS; 
Examples 

-- 

EXAMPLE 1 

Given: A rounded-trapezoidal weir box inlet for a chute spillway. The inside dimensions are 
W= 10 ft, B = 6 ft, and D = 4 ft. The approach channel and the dike covering the headwall 

have no effect on the discharge of the inlet. zo = 3. 

Determine: 1. The head He over the crest at which the discharge Q begins to be affected by the 
dimension D; that is, the head He corresponding to impending submerged flow conditions at the 
crest. 

2 .  The discharge corresponding to the head He determined in (1). 

Solution: 1. Solving for the head H, over the crest at which the discharge is affected by the 

w2/'/3 
dimension D. The value of is is 6'5 0.591. The value of 6 = D is (10)~/~ 

W + I  11 (w + 1)5/3 (lo + 115/~ 

B + 0.5 
= 0.541. The point of intersection of the line having the value of - = 0.591 and the line W + l  

6 = 0.341, sheet 5, has a value y = - H, - - 0.190 or 
W + l  

For heads over the crest greater than He = 2.09 ft, the discharge depends on the value of 
D = 4 ft as well as B, W, and He because submerged flow at the crest occurs. 

2. Solving for the discharge corresponding to He = 2.09 ft. Since D is sufficiently 
large to insure no submergence of the crest, obtain from the chart at the intersection of 

= 0.591 and 6 = D = 0 -341 the value Q 
= 0.675 or 

W + 1  (W + 1)5/3 (W .+ I)+ 

If the value of D had been greater than 4 ft, the discharge corresponding to a head over the 
crest He = 2.09 ft remains the same; i.e., Q = 271 cfs. If the value of D had been less than 
4 ft, the discharge corresponding to a head over the crest He = 2.09 ft is not determinable 
from the chart because the crest would be submerged as a result of a shallow box. 

Given: A rounded-trapezoidal weir box inlet. The inside dimensions are W = 5 ft, B = 2 ft, and - 
He = 7.5 ft. The approach channel and the dike covering the headwall and the crest of the box 
inlet are suffiriently large to prevent any effect on the discharge of the inlet. zo = 3 .  

Determine: 1. The actual discharge Q of the box inlet if flow at the crest is not submerged. 

2 .  The depth Dr of the box inlet required to prevent submergence of the crest for 
this discharge. 

3 .  The theoretical discharge Qt of the box inlet as determined by the weir formula. 

B + 0.5 is 2.5 
Solution: 1. Solving for the actual discharge of the box inlet. The value of - W + I  T 

He 3 5 
= 0.417 and 7 = - is % = 0.583. The point of intersection of the lines having the values 

W + 1 
He 

of = 0.417 and 7 = - = 0.565 corresponds to a value of =4.28anda 
W + 1  W + 1  !W + 1)5/" 

w2/3 
value of 6 = D, = 1.18. 

(W + 1)5/3 
Q = 4.28 (W + 1)5/2 = 4.28 (5 + 1)"/" = 377.4 cfs 

2 .  Solving for the required depth D, of the box inlet to prevent submergence 

Concluded on Sheet 12 
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I CHUTE SPILLWAYS: ROUNDED-TRAPEZOIDAL WEIR BOX INLETS; 
Examples 

Continuation from Sheet 11 

3 .  Solving for the theoretical discharge of the box inlet as given by the weir 
f orrnula 

Qt = 3.1 [ 2  (B + 0.5) + (W + I) + 2.4 H,] Ile3/' 

= 3.1 [2 (2 + 0.5) + (5 + 1) + 2.4 (:.>)I 3.33/' 

Qt = 393.8 cfs 

The stippled region shown on sheet 5 signifies the weir formula is not applicable in predicting 
the discharge for the points corresponding to the values oT B, W, and He in this region. There- 
fore Part 3 is not a valid solution. 

Given: A rounded-trapezoidal weir box inlet for a chute spillway. The dimensions of the box inlet 
y e  W = LO ft, B = 6 ft, D = 5.0 ft, h = 2.5 ft, and M = 4.50 ft. There is no effect on the 

discharge due to a narrow channel or dike. zo = 3 .  

Determine: 1. !Fhe capacity without freeboard at the crest Q& in cfs. 

2 .  The capacity without freeboard at the origin of the upper vertical curve Q& in cfs. 

3. The capacity without freeboard of the box inlet Gi in cfs. 
4. The capacity of the inlet QSi if the total drop of the chute is Z = 25 ft. 

Solution: No consideration of channel and dike effect will be required. 

1. Solving for the capacity without freeboard at the crest Qd 

At the intersection of lines (see sheet 5) = 0.591 and Y = 0.227, read 
W + 1 = 0.910. 

(W + 1)5/2 

Observe that the required value of S is 0.417 < 0.427 = 
w'/ 3 

D. If the value of 

w2/ 3 
(W + 1)+ 

6 = D, read from the chart had been greater than 0.427, then the value of Q& is 
(W + 1)5/3 

indeterminable from the chart, 

= 0.910 (W +.1)"/" = 0.910 (10 + l)"/" = 365 cfs 

2. The capacity without freeboard at the downstream end of the box inlet Qa may be 
read from Table 1, sheet 3, ES-88, for M = 4.50 ft and qm = 35.16 cfs/ft. 

3. The capacity without freeboard of the box inlet Qmi is the lesser of the values 
Q& and QmM or is $mM = 351.6 cfs. 

4. The capacity of the inlet having the recommended freeboard is 
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2.10 

;HUT€ SPILLWAYS : ROUNDED-TRAPEZOIDAL WEIR BOX INLETS 
Examples 

Given: A design discharge Q, = 270 cfs for a chute of width W = 10 ft and a sidewall height over - 
the crest h = 2 ft. The vertical drop of the chute from the crest of the inlet to the floor of 
the SAF outlet is Z = 30 ft. No wave action is anticipated in the channel upstream from the 
inlet. zo = 3.  

Determine: 1. The required capacity without freeboard Qfr. 

2. The required ratio of for a rounded-trapezoidal weir if the approach chan- 
W + 1  

nel and dike are to have no effect on the discharge equal to the design discharge without free- 
board Qfr. 

3. The dimensions B, D, and M for the rounded-trapezoidal weir box inlet if the 
approach channel and dike have no effect on the discharge Qfr. 

Solution: 1. Solving for the required capacity without freeboard Qfr 

Q~~ = (1.2 + 0.003 Z )  Q~ 

= [1.2 + 0.003 (301 270 

2. When the discharee of the inlet is Qc-. the value of B is to be determined such - -1 L r 

that the head over the crest is h = 2.0 ft. The value of Qfr = 31c8.3 = 0.868 and 
(W + 1)5/" (10 + 1 )5 /2  

y = - -  - =  B + 0.5 - 2 0  0.182. From sheet 5, read the value of ------ = 1.082 for free-flow condi- 
W + l  11 W + 1 

conditions. 

3. (a) The required value of B is 

B =  (W+l)-- [B,*:;'] 0.5 = (10 + 1)(1.082) - 0.5 = 11-40 ft 

Use B = 11.50 ft 

(b) The required value of Dr to prevent submergence at the crest is obtained by 

reading the value of b at the point of intersection of the lines y = 0.182 and 

= 0.868 or 8 = 0.408. !the required value of Dr is 
(W + 1)5/2 

Use D = 5.0 ft 

(c) The value of M may be read from Table 1, sheet 3, ES-88, when 
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X U T E  SPILLWAYS : ROUNDED-TRAPEZOIDAL WEIR BOX INLETS: 
Examples 

EXAMPLE 5 

Given: A rounded-trapezoidal weir box inlet with the dimensions B = 13.5 ft, W = 9 ft, h = 2.0 ft, - 
and M = 4.25 ft; Wc = 35.2 ft and the headwall is extended across the channel. Thus no effect 
on the discharge is obtained by a dike. The side slope of the approach channel is 3 to 1; 
z, = 3. The slope of the box inlet crest is zo = 3. 

Determine: 1. The capacity without freeboard at the crest of this inlet i & ,  when the effect of 

w 2 / 3  
the narrow approach channel is not considered, and the value of 6 = D is sufficiently 
large to prevent submergence of the crest. (W + 1j5I3 

2. The capacity without freeboard at the origin of the vertical curve Q ~ .  

3. The value of K 

4. The capacity without freeboard at the crest of this inlet ( Q ~ ) ~ ~  when the effect 

W2/3 
or the narrow approach channel is considered, and the value of 6 = D is sufficiently 
large to prevent submergence of the crest. (W + 1)5/3 

5 .  The required depth of the box inlet Dr to insure free-flow conditions at the crest 
corresponding to the discharge (4 ~ ) m h  

6. The capacity without freeboard of this inlet (QK) . when the effect of the narrow m l  
approach channel is considered. 

SoLution: 1. Solving for the capacity without freeboard at the crest Q d  of the box inlet when 
the width of the approach channel is sufficiently great to prevent an effect on the capacity 
of the inlet and the depth D is sufficiently large to prevent submergence of the crest. The 
capacity Q* of the box inlet is equal to the discharge of the box inlet with a head h over 
the crest. 

r? 

- - - -  + 0'5 - l4 - 1.4 and 
h 5 = 0.20 

w + l  10 7=w+1"10 

B + 0 5  At the intersection of - = 1.4 and y = 0.20, sheet 5, read the value 
W + l  

Bmh =1.18 
(W + 11512 

This is the capacity without freeboard Q* at the crest of the box inlet if D and the channel 
width W, are both sufficiently great. 

2. Solving for the capacity without freeboard Qd at the origin of the vertical 
curve section. This is read from Table 1, sheet 3, ES-88. When M = 4.25 ft, then q d  = 32.27 
cfslft. 

Q,,=W qm = 9 ((72.27) = 290.4 cfs 

3. Solving for the ratio 

wC + 0.8 z, h 35.2 + 0.8 ( 3 ) ( 2 )  40 - 4,0 K = - - - - -  
(W + I) 10 10 

B + 0-4 zo h + 0.5 = 1.64 is 
From sheet 9, the corresponding value of K when K = 4.0 and 

(W + 1) 
K = 0.757. 

Concluded on Sheet 15 
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I CHUTE SPILLWAYS : ROUNDED-TRAPEZOIDAL WEIR BOX INLETS 
Examples 

1 Continuation from Sheet 14 

I 4.  Solving f o r  t h e  capac i ty  without  f reeboard (Q a t  t h e  c r e s t  of  t h e  box i n l e t  
~ ) m b  

when t h e  narrow channel e f f e c t s  a r e  considered and free-f low condit ions e x i s t  a t  t h e  c r e s t .  

This could a l s o  be  obtained from shee t  9 when IC = 4.0 and + 0 m 4  '0 + O - 5  = 1-64,  read 
(W + 1) 

(QK)& 
= 10.02 o r  

(W + 1) h3I2 
( Q ~ ) ~  = 10.02 (W r 1) h3I2 

= 10.02 (10)  ( 2 ) +  

(QK), = 283 c f s  

5. Solving f o r  t h e  requ i red  depth D, of t h e  box i n l e t  having t h e  f i v e  given dimen- 

( Q ~ ) m h  
s i o n s  i s  read on shee t  5 a t  t h e  i n t e r s e c t i o n  of t h e  l i n e s  -= 283 0.893 and 

B + 0.5 -- 
(w + 1)5 /2  - (101512 

W + 1  
- 1 . 4  o r  

The depth Dr is requ i red  t o  prevent  submergence of t h e  c r e s t  when W c  = 35.2 f t ,  and t h e  d i s -  
charge i s  (QK)mh = 283 c f s .  A va lue  of D > 4.48 f t  w i l l  not  increase  t h e  capac i ty  without  

f reeboard of t h i s  channel and box i n l e t .  The capac i ty  of t h e  channel and box i n l e t  f o r  a 
D < 4.48 f t  i s  not  determinable by these  char t s ;  such a value w i l l  cause submergence a t  t h e  
c r e s t .  See Ex. 1. For cons t ruc t ion  purposes D w i l l  genera l ly  be  chosen t o  be  t h e  next s i z e  
l a r g e r  than Dr when D i s  a mul t ip le  of  3 inches, o r  D = 4.50 f t .  

I 6. The smaller  of t h e  two values ( Q ~ ) ~ ~  = 283 c f s  o r  Qm = 290.4 c f s  is  t h e  capac i ty  

without f reeboard ( Q ~ )  . of t h e  box i n l e t  when t h e  narrow approach channel e f f e c t  i s  considered.  
mi 

(QK!K),i = (QKImh = 283 c f s  

Given : - 
Qr = 
dron 

The problem of designing a rounded-trapezoidal weir  box i n l e t  f o r  t h e  design discharge 
200 c f s .  The approach channel t o  t h e  i n l e t  has  a width of W c  = 24.6 f t .  The v e r t i c a l  _ from t h e  c r e s t  of t h e  i n l e t  t o  t h e  f l o o r  of  t h e  o u t l e t  i s  Z = 30 ft. The width W of t h e  

chute i s  8 f t  and t h e  dimension h i s  2 .25 f t .  The headwall i s  t o  extend across  t h i s  channel 
an& thus  no cons idera t ion  of dike e f f e c t  i s  required.  The s i d e  s lopes  of t h e  approach channel 
a r e  3 t o  1; zc = 3. The s lope of t h e  box i n l e t  c r e s t  i s  zo = 3. 

Determine: 1. The requi red  capac i ty  without f reeboard Qfr  and qf,. 

2 .  The value of B when t h e  e f f e c t  on t h e  discharge of t h e  narrow approach channel i s  
neglected.  

3. The value of K .  

4 .  The va lue  of B when t h e  e f f e c t  of t h e  narrow channel on t h e  discharge i s  
considered.  

5. The value of Dr r equ i red  t o  prevent  submerged flow condi t ions  at  t h e  c r e s t  when 
t h e  e f f e c t  of t h e  narrow channel i s  considered. 

6. The capac i ty  of t h e  box i n l e t  without f reeboard (QK) a t  t h e  c r e s t  considering 
l?h 

t h e  e f f e c t  of t h e  capac i ty  of t h e  approach channel and t h e  dimension of B obtained i n  (4). 
7. The dimension M of t h e  box i n l e t .  

8. The capac i ty  of - 2 . 1 ~  box i n l e t  without f reeboard (Q~),~ when considering t h e  e f f e c t  

of t'ic narrow ar!roach channel.  
Concluded on Sheet  1 6  
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CHUTE SPILLWAYS: ROUNDED-TRAPEZOIDAL WEIR BOX INLETS; 
Examples 

Continuation from Sheet 15 

Solution: 1. Solving f o r  t h e  required capacity without freeboard i s  

Qfr = (1.2 + 0.003 Z) Qr 

= k . 2  + 0.003 (30g 200 

Qfr = 258 c f s  

2. The value of B when the e f f e c t  on the discharge of t h e  narrow approach channel i s  

neglected may be obtained from sheet 5. A t  t h e  in te rsec t ion  of l i n e s  Qfr = 258 

(W + 1)'12 (8 + 1I5l2 
h 

= 1.062 and y = - = - - B + 0.5 2'25 - 0.250, read -- = 0.575. 
w + l  ( 8 + 1 )  w + 1  

3. The value of K may be read from sheet 9 a t  the  in te rsec t ion  of the  l i n e s  

Qfr 258 W, + 0.8 zc h 24.6 + 0.8 (3)(2.251 = 8.49 and K = - 
W + 1 8 + 1  = 3.37.  

(W + 1) h3I2 - ( 8  + 1 ) ( ~ . 2 5 ) ~ / ~  

Read K = 0.774. 

4. The value of B when the  e f f e c t  of the  narrow channel on t h e  discharge i s  considered 

i s  again obtained a t  t h e  in te rsec t ion  of l i n e s  K = 3.37 and Qfr = 8.49, read 

(W + 1) ha12 
B + 0.4 zo h + 0.5 

W + l  
= 1.275 o r  

B = 1.275 (W + 1) - 0.4 z, h - 0 . 5  = 1.275 (8 + 1) - 0.4 (3) (2 .25)  - 0.5 = 8.275 f t  

Use B = 8.5 ft 

5.  The value of Dr may be obtained on sheet 5 a t  the in te rsec t ion  of the l i n e s  

Q f r  - + 0 '5  a'*;5 + O V 5  ; 0.975. This reads 258 = 1.062 and - = 

(w + 1)'/' - (8 + 1)5/2 
W + l  + 1 

Use D = 4.75 f t  

6. Solving f o r  t h e  capacity of t h e  box i n l e t  without freeboard ( Q ~ ) ~ ~  a t t h e  c res t  

B + 0 . 5  8 . 5 t 0 . 5  
considering the  e f f e c t  of t h e  narrow approach channel. From sheet 5 when - = 8 W + 1 + 1 

h 2 25 = 1 .0  and 7 = - = 8 = 0.250, read 
W + 1  + I  

7. Solving f o r  the  dimension M a t  t h e  o r ig in  of the  f e r t i c a l  curve sect ion.  Given 

qfr = 32.25, see s tep  1. Read from Table 1, sheet 3, ES-88, the value M = 4.25 when 
q,, = 32.27 and Qd = w qmM = (8) 32.27 = 258.16 c fs .  

8. Solving f o r  the  capacity without freeboard of t h e  box i n l e t  ( Q ~ ) , ~  considering 

t h e  e f fec t  of the narrow channel and free-flow conditions. The value of ( Q ~ ) ~ ~  i s  equal t o  

the  smaller of t h e  values (QK)* and $1M. 

(QKImi = QmM = 258.16 c f s  
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Side-Channel Inlet. (See ES-85, page 2 .ll4, for nomenclature. ) Side- 
channel inlets are used only in those sites which require that the spillway 
be placed zdjacent to or in a steep bank. The hydraulic theory of the side- 
channel inlet was first given by Julian Hinds. 1 

Arbitrarily designating the shape of the side-channel inlet to be rec- 
tangular removes the shape factor, which is generally decided by economic 
considerations. When the structure has small dimensions, the cost of a 
trapezoidal inlet is undoubtedly more than the simpler rectangular inlet, 
even though the rectangular inlet requires more concrete. Only a side- 
channel inlet having a rectangular shape is considered here. 

The flow over the crest of 2 side-channel spillway is in a direction 
perpendicular to the axis of the inlet. (see Fig. 6. ) The flow through 
the sections immediately below section L is very turbulent. The flow at 
section M will have acceptable velocity and discharge distribution if : 2  

a. A cross weir having a height of 0.65 dc is placed at section M. 
b. The prismatic chennel has a level floor and a length of 3 dc 

from section L to the cross weir. 

The quantity dc is that critical depth corresponding to the required 
capacity Qfr at section M. 

The depth of flow in the prismatic channel at section L can be determined 
by assuming %he head losses due to friction and turbulence between section L 
and M. This depth is 

'side Channel Spillways, Trans. ASCE, Vol. 89, p .  881, 1926. 
2~rorn a composite study of existing model studies of side-channel spill- 

ways. Example; See Diversion, Outlet, and Spillway Structures; Boulder 
Canyon Project; Final Reports; Part IV; U. S. Bureau of Reclamation. 



iapacity. The capacity without freeboard of a side-channel inlet is 
given by the weir formula: 

where Qmi = capacity without freeboard in cfs 
L = length of spillway crest in ft 
h = height of sidewalls above the spillway crest in ft 

The coefficient 3.1 is believed to be conservative and its use is based on 
the assumption that the crest at the endwall is not submerged by more than 
0.25 h. The water-surface profile upstream from section L fs given by 
ES-85, page 2.11b. This profile is required to determine that depth of the 
inlet D to prevent a submergence of greater than 0.25 h at the endwall. 



CHUTE SPILLWAYS : SIDE-CHANNEL INLETS; Layout 
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( CHUTE SPILLWAYS : SIDE-  CHANNEL INLETS : E x a m p l e  

Given: A chute 8 ft wide having a total drop from crest of side-channel inlet to 
floor of outlet of Z = 30 ft and a design discharge of Qr = 180 cfs. The height 
of sidewalls h above the crest is 3 ft. No waves are anticipated. 

Determine: 1. Required capacity of inlet without freeboard Qfr. 
2. Dimensions of side-channel inlet wlith the recommended freeboara 

using hydraulic criteria. 
3 .  Approximate water-surface profile in the basin. 

Solution: 1. Qf, = (1.20 + 0.003 Z)Q, 
= 11.20 + (o.oo~)(~o)] 180 = 232.2 c f s  

2. The value of critical depth dc for the discharge 232.2 cfs is, 
from ES-24, 

(a) The required length L of inlet crest having the recommended 
freeboard is 

Qfr = 3 .l ~ h ~ / ~  

4 
(b) Value of M = 5 dc 

4 4 
M = 5 d, = - x 2.975 = 3.97 ft ; take M = 4 ft 

3 

( c )  Height of cross weir = 0.65 dc 

0.65 dc = 0.65(2.975) = 1.93 ft 
take height of cross weir = 2.00 ft 

(d) The value of D is dependent, in part, on the value of si. 
Assume siL/dc = 1.5, then the lower elevation of the water surface at x = 0; 
see chart 1 is 2.41 dc or 

e = 2.41 x 2.973 = 7.17 ft ; take e = 7.25 ft 

siL = 1.5 x 2.975 = 4.46 ft ; tzke siL = 4.50 ft 

Since the maximum submergence at x = 0 is h/4 = 0.75 ft, this will make 

and 

h D = e - = 7 - 2 5  - 0.75 = 6.50 ft 

D - S ~ L  = 6.50 - 4.50 = 2.0 ft min. 

3. From chart 2 and interpolating for the line siL/dc = 1.5 between the 
the given lines siL/dc = 1.2 and 1.8, the approximate water surface profile is 
readily defined. 
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VERTICAL CURVE SECTION 

Function of Vertical Curve Section. (See ES-88, page 2.125, for nomen- 
cl2,tur-e.) The explicit function of the vertical curve section is to convey 
and guide all dischrges of water less than the design discharge with a 
recommended freeboard from a channel of one bottom slope to a channel having 
a different bottom slope in a manner which 

a. provides positive bed pressures 
b. will not cause any appreciable waves in the steeply-sloped 

channel. 

Flow in e channel having a bottom slope which increases in the dovn- 
stream direction will exert a pressure on the channel bottom (or bed) less 
than the depth of flow above the bed. When the rate of change in the bot- 
tom slope is sufficiently great, negative pressure will exist on the bed. 
Negative bed pressures indicate the flow springs free of the channel bottom. 
It also indica.tes 2-n upward force is applied adgainst the channel bottom. 
Both of these effects are undesirzble. Flow springing free of the channel 
bottom can cause unacceptable flow conditions downstream by impinging back 
onto the channel bottom. Further, flow springing free of the chamel bed 
may cause overtopping of the channel sidewalls. The force created by the 
negative pressure ca,n be so large that struc'tural failure occurs from uplift 
of channel or of the channel bottom. 

The vertical curve sections considered will be rectangular with straight, 
. parallel sidewalls to insure favorable velocity and discharge distributions. > 

The top edges of the sidewalls are designed to be flush with the embank- 
ment slope. ( s e e  Fig. m, page 2.119. ) In most instances, this requires 
that a vertical curve be constructed at each end of the vertical curve sec- 
tion. Vertical curve sections having their top edge on a slope of 3 to 1 and 
capable of conveying a discha-ge without freeboard qL,v evual to or less than 
20.196 cfslft do not require a lower verticzl curve. Requiring the top edge 
of the sidewall to be flush with the embankment as shown by Fig. 7b usually 
will require the inlet to be of shorter length and the vertical curve section 
longer than for a structure with a vertical curve as shown by Fig. 7a. 

Vertical Curve Used to Change a Channel Bottom of Zero Slope to a 
Slope sv (upper Vertical curve). The momentum theorem gives the horizontal 
velocity v~ of flow over a broad crested weir as 

where vc = critical velocity of the discharge in the weir section in ft/sec 

The actual horizontal velocity of flow over a broad-crested weir is lower 
than the velocity vM given by Eq. 5.1. A vertical curve for a particle of' 
water in the surfxe of the lower nappe and having a velocity of vbl can be 
deduced from the theory of free-falling bodies. 



Equation 5.2 g ives  t h e  equat ion of t h e  upper v e r t i c a l  curve i n  t h e  
v e r t i c a l  curve s e c t i o n  when t h e  o r i g i n  i s  a t  t h e  TC of t h e  curve. ( s e e  
ES-88, page 2.134. ) Coordinates f o r  t h e  v e r t i c a l  curve as def ined  by E q .  
5.2 a r e  given i n  Tzble A.  T h i s  v e r t i c a l  curve i s  s a t i s f a c t o r y  f o r  a l l  
d ischarges  har ing  a c r i t i c a l  depth of 8 f t  o r  l e s s  and i s  used t o  convey 
flow from zero s lope  t o  a s lope  of s y .  

tiliere y = v e r t i c a l  d i s t a n c e  from t h e  o r i g i n  t o  eny p o i n t  on t h e  upper 
v e r t i c a l  curve i n  f t  

x = h o r i z o n t a l  d i s t ance  from t h e  o r i g i n  t o  any p o i n t  on t h e  upper 
v e r t i c z l  curve i n  f t  

A s e t  of va lues  of x 2nd y e r e  given i n  Table A, ES-88, page 2.134. The 
va lues  a r e  applicalble f o r  any s lope  s o  as t h e  d ischarge  i s  l e s s  than  t h a t  
corresponding t o  dc = 8 f t ;  i .e . ,  q < 128.5 c f s / f t .  

The coord ine tes  of t h e  po in t s  xl and yl a t  which t h e  upper v e r t i c a l  
curve has a  s lope  of s v  a r e  

where s v  = s lope  of t h e  bed of t h e  v e r t i c a l  curve s e c t i o n  f t / f t .  ( s e e  
next  paragr2ph f o r  method of determining t h i s  v a l u e . )  

yl = v e r t i c a l  d i s t ance  from t h e  o r i g i n  t o  t h e  end of upper v e r t i c a l  
curve i n  ft 

x, = h o r i z o n t a l  d i s t ance  from t h e  o r i g i n  t o  t h e  end of upper v e r t i -  
c a l  cnrve i n  f t  

The coord ina tes  xl and yl g ive  t h e  d-mensions from t h e  o r i g i n  t o  t h e  down- 
s t ream end of t h e  upstream v e r t i c a l  curve.  These va lues  a r e  t a b u l a t e d  i n  
Table 3, ES-88, page 2.126, when s o  = l/3. 

Slope sv of bottom of' v e r t i c a l  curve s e c t i o n  connect ing t h e  upper m d  
lower v e r t i c a l  curves i s  given by t h e  s o l u t i o n  of the  quadra t i c  equat ion 

16  s o  sv2 + + 8 - N sec  (tan" s o )  - 50 so2] s,, + s o  ( 2 5  so2 -3) = 0 

When s,, i s  imagina,ry, no v e r t i c c l  curve i s  requi red  and t h e  bottom s lope  be-  
comes equnl t o  s o .  Values of sv may be  read  from Table jb, ES-88, page 2.126, 
when s o  = 113. 

Values o f  x, and y, ( s e e  ES-88, pege 2.125, f o r  d e f i n i t i o n )  e r e  given 
by t h e  ec~uat ions  

I -1 x, = -  p + 3 - N  s ec  ( t a n  so)J - 5 0  s o  + 32 s v  
"0 

V, ' lues of x, and y2 f o r  channel bottoms having 3 t o  1 s lope  may be  read  from 
Tsble Tb, ES-88, pege 2.126. 



NOTE - - 
Figure To shows chute spillway having i t s  top  edge of s idewalls  of channel 
and v e r t i c a l  curve s t r a i g h t  and f l u s h  with t h e  embankment. Figure 7a shows 
a chute spi l lway with a  bottom slope so of t h e  channel and lower por t ion  of 
the  v e r t i c a l  curve sec t ion  p a r a l l e l  t o  t h e  embankment s lope.  Observe how 
the  top  edge of t h e  v e r t i c a l  curve sec t ion  i n  Figure 7a p r o j e c t s  above the 
embankment and has a v e r t i c a l  curve sec t ion  shor te r  than t h a t  of Figure 7b 
but an i n l e t  longer than t h a t  shown i n  Figure 7b. I n  some instances Figure 
7b has a v e r t i c a l  curve a t  t h e  downstream end of t h e  v e r t i c a l  curve sec t ion .  
Figure 7a does not requi re  such a v e r t i c a l  curve. Drawing ES-88 i s  based on 

Comparison of a  chute pos i t ion  i n  an embankment obtained by ( a )  f i x i n g  t h e  bottom slope of t h e  channel 
and v e r t i c a l  curve sec t ion  t o  be p a r a l l e l  t o  t h e  embankment s lope and (b) f i x i n g  t h e  t o p  edge of t h e  
s idewal ls  p a r a l l e l  (and f l u s h )  wi th  t h e  embankment. 

FIGURE 7 



Vertical Curve Used to Change a Channel Bottom of Slope sy to Slope 
of so (~ower Vertical Curver. The lower vertical curve is also deduced 
from-the theory of free falling bodies. Equation 5.4 gives the coordinates 
of the lower vertical curve in vertical curve sections when the origin is 
et the TC of the curve. This vertical curve is satisfactory for changing 
bottom slopes from sv to any other greater slope for all discharges having 
a velocity less than 40 ft/sec. It is also satisfactory for all discharges 
which have critical depths less tham 8 ft provided the lower end of this 
vertical curve is a distance 3 o f  8 ft or less below the floor of the inlet. 

where y = vertical distance from the origin to any point on the lower 
vertical curve in ft 

x = horizontal aistance from the origin to any point on the lower 
vertical curve in ft 

sv = slope of the floor of the vertical curve section at the origin 
of the lower verticzl curve in ft/ft 

Values of the coordinates x and y of the lower vertical curve may be obtained 
from pages 2.135, 2.136, md 2 .l37 of ES-88. Values of x, and y, for any 
channel slope are 

Values of x, and y, for chutes having 3 to 1 slope may be read from T2bLe jb, 
ES-88, page 2.126. 

Replacement of Vertical Curves by Straight Chords. Drawing ES-88, page 
2 -124, shows the replacement of vertical curves by straight chords. Values 
of xI, x2, x3) yl) y2, y3? a n d  sv may be determined by the preceding parn- 
graphs. Verticzl curves will provide better flow conditions than straight 
chorCs . 

The a,ssocia,ted values of 2, M, N, R, xl, x,, x,, y,, y2, y3, sy, znd 
qmv for verticel curve sections h~ving the top of their sidewalls on a slope 
of 3 to 1 ere given in Tables 3a and 3b, ES-88, pages 2.125 and 2.126. 
These values are for vertical curve sections used to convey water from a 
horizontal bottom channel to a channel having a 3 to 1 slope. The general 
formulas to determine the value of x,, x,, x,, y,, y,, y3, and sv for any 
value of M, N, so, and 3 are given by ES-88, page 2.134, These formulas 
will give sa,tisfzctory vertical curves provided the restrictions noted in 
the preceding paragraphs are setisfied. 

Freeboard zt m y  section in the vertical curve section is the difference 
in the normal height of the sidewall shove the floor and the perpendicular 
depth of flow of the design discharge Q,. It is measured in feet end is F* 

safety fsctor to prevent overtopping of the sidewall as a result of several 
fectors. These fmtors include wave action, incorrect evaluation of air en- 
trzin~nent (see page 2.139) and depth of flow, or a lxger dischzrge t h m  
anticipated. 



The information available to the design engineer to determine the depth 
of flow for a given discharge in a steep channel is meager. The presence of 
small waves even with good velocity and discharge distribution is likely. 
Because of these facts, n slightly greater factor of safety to prevent over- 
topping will be recommended for vertical curve sections amd steep channels 
than was recommended for inlets. 

The recommended freeboard at any section in the vertical curve section 
is given in terms of an increased discharge Qf, and a, recommended height of 
sidewall 4 / j  times the depth of flow for the discharge Qfr derived by not 
considering air entrainment. The recommended sidewRll height at section Pi 
is 4 dc/3 where dc is the critical depth corresponding to the discharge Qfr. 
This recommendation gives a more positive assurance that the chute spillwzy 
will be ca,pable of conveying the discharge Qfr without splashing over the 
sidewall in the steep channel section. 

Capacity. In view of the possibility of small wzves, the capacity with- 
out freeboard qmv for 2ny section in the vertical curve section is defined 
as that discharge which has a depth of flow o f  314 of the sidewall height. 
The depth of flow is to be evaluated without air entrainment. 

The depth of flow at section M is assumed to be the critical depth of 
the disch8rge. Therefore, the capacity without freeboerd q d  at section M 
is the critical discharge corresponding to the depth j h;/4. The capacity 
without freeboard qf i  at the origin of the upper vertical curve is given by 
T ~ b l e  1, ES-88, page 2.125. The required ccpacity without freeboard for this 
section 1s Qfr. 

The effect of z change of width end a change of slope on dischnrge in 
steep channels is considered. Given two channels of different widths but 
having the same depth of flow d, at the same vertical drop y, below the con- 
trol section and of the same slope, the wider channel will have n slightly 
greater discharge g than the nsrrower channel. This can be verified by 
ES-78, page 2,143, for channels having the same slope but different widths. 
Given two channels of different slopes but of the same width and the szme 
depth of flow dl at the same vertical drop yl below the control section, the 
steeper channel will have a slightly greater discharge q than the fl~tter 
channel. This can be ascertained by consulting ES-78, page 2.143, for chzn- 
nels having the same width but different slopes. The error in taking the 
discharge q of any channel having a depth dl for a drop less than 10 ft, a 
width less than 30 ft, and a slope steeper than 10 to 1 as being equal to 
the discharge of a 4-ft channel laid on a 3 to I slope and having the same 
depth of flow and drop is minor. 

The capacity without freeboard q a  for section N at the downstream end 
of the vertical curve section having a vertical drop 3 i s  the same as the 
discharge q of a 4-foot-wide channel on a 3 to 1 slope when its depth of 
flow without air entrainment is 3 ~ / 4  at a. vertical drop 3below its control 
section. The values of q , ~  are tabulated in Table 2, ES-88, page 2.123. 

The capacity without freeboard q,,, of a vertical curve section is the 
lower value of q m ~  and q d  determined at the section M and N. Capacities 



for v e r t i c a l  curve sections having va.rious values of M, N, and 2 may be de- 
termined from Tables 3a and 3b, pages 2.125 and 2.126. The capacity without 
freeboard Q,,, for various widths W and dropsRis given by ES-88, pages 
2.127, 2.128, 2.129, 2.130, 2.131, 2.132, and 2.133. 

Value of2. The value of 3 i s  chosen as large as maximum joint spacing 
or value of the vertical drop from t h e  floor of the inlet to SAE outlet 
( I . ? . ,  F +-2) will permit. (see section on "Channels" for formula giving 
t h e  value of F . )  By choosing 3 i n  this manner, the minimum value of side 
height N is obtained. 
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Table 1  
Capaci t ies  st 

Sect ion  M 

Table 2 
:apor-ltles n t  Section N f o r  Yarlous Values of' 8 and N 

Table e ives  q 

Table jn  
Dimensions and Capaci t ies  

of Vertlcsl Curve Sect ions1 

'see  sheet 4, tab:@ jb, f o r  v e r t l  cal 
curve s e c t ~ o n s  u l t h  l a r g e r  dimens~uns 

FORMULAS 

Q ~ ,  = (1.20 + 0.003 Z )  Q= 

9&=$& 

qmN = discharge havlng a depth 
of 3/4 a; 
when W = 4 and y = h 
a5 shorn by water s u r f k  
p r o f ~ l e  u l thout  a i r  
entrainment for  3 t o  1 
510pe. 

DEFIIITION OF SYMBOLS 

M = height of sidewall a t  orAgin  of upper v e r t i c a l  curve i n  f t  
N = normal hexght of s i d e m l l  of channel t o  slope s o  I" f t  
W width of v e r t i c a l  curve s e c t i o n  i n  f t  
2 = v e r t i c a l  drop f ron c r e s t  of i n l e t  t o  f l o o r  of o u t l e t  in  f t  
R = length  of l e v e l  por t lon  of top  of s i d e v a l l  jn f t  
3 = v e r t i c a l  drop of v e r t i c a l  curve s e c t i o n  i n  f t  
sy = s lope  of f l o o r  of v e r t i c a l  cume sec t ion  i n  f t / f t  
s o  = slope of f l o o r  of channel i n  f t / f t  
e = tan-' so 
du = a c t u a l  deoth of flaw a t  o r i e i n  of v e r t i c a l  curre 1" f t  
iir; I depth of ilow without a i r  entrainment at beginning Of 

channel i n  f t  
d = depth of flow wlthout alr e n t r a l m e n t  i n  f t  
dC = c r i t i c a l  depth of flow i n  it 
xlr yI = coordinates of upper v e r t i c a l  cum* h e n n g  a slope of 

s., i n  f t  
xa ,  yp  = h a r l z a n t a l  and v e r t l c a l  lengths  of t h a t  portion of t h e  

f l o o r  of t h e  v e r t i c a l  curre s e c t ~ o n  hsvlng a  slope 
of s,, in  f t  

x?, y, = coordinates oT lower v e r t i c a l  curve having a s lope  of 
of s I n  f t  

x ,  y = c o a r d i k t e s  f o r  v e r t i c a l  curves i n  f t  
Q, = design discharge I n  c f s  
Q f r  = requl red  capaclty without freeboard i n  c f s  
QSY = Capacity of v e r t i c a l  curve sec t ion  with tile recommended 

freeboard i n  cfs - - ~ ~  - 

q f r  
required discharee r l t h o u t  freeboard per foot  width of 

chute in  c f s / f t  
q,, = capaci ty  of v e r t i c a l  curve sec t ion  wlth the  recommended 

freeboard i n  c f s / f t  
qmY = m"p"city of v e r t i c a l  curve sec t ion  without freeboard i n  

c f s / f t  
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;HUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Dimensions and Capacities of  Vertical Curve Sections for Chutes having 3 to I slope 

T;,b1.c 3b 
Dirncnsions and Capacities of V e r t i c a l  Curve ~ e c t i a d  

Y L T T r Y T  
- 

,?,= 8 ft. 

0 .  i313 22.8e1 G.7>?4 
11.6094 75.339 6.4401 
0.6431 23.813 6.3656 
0.6043 24.500 6.2964 
0.6454 23.787 6.3674 
0.6063 24 2.74 G.jrioo 
0.5703 24.773 6.2j60 
0.6003 24.247 6.3036 
0.5(?2 :?4.746 6.2394 
o.>jiK, ? > . ? > i  6.1799 
O.>ihl 24.719 6.2427 
0.5406 25.230 16.1872 
0.5097 2 5 . 7 2  : 6 . 1 % ~  
1~.749+ 25.202 ' 6.1865 
0.5115 25.7?4 16.1313 
0.b827 26.256 G . 0 0 ~  
0.5130 2,596 16.1 j41  -~ 

a =  6 st. 

e&i 1 -A-. - 

W =  3 rt. 

?,= 4 ft. 

See shcc t  3, table 3a, f a r  vcrtrcal c w c  w c t j o n 6  ' d i t h  smillicr d l m w s ~ n r :  

W i w  M .r 5.11 f t ,  thc v;~lue of  a; = 'r !a- 1 )  and y;, = 3 - 1; xl = f b ,  J ,  = 1.0 , r rc  t o  kc ur r r l  
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard, Qmv . 
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard. Q,, 
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboortl, Om, 2= ?feet 
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REFERENCE I U. $. DEPARTMENT OF AGRICULTURE STANDARD OWG. NO. 

CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard, Q,, 

8 = 6 feet 
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard, Q,, 
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Capacity without freeboard (Om,) in c f s  

Bottom width of vertical curve section ( W )  in feet 
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33IA83S NOUVAH3SNO3 710s 
~ ~ l l ~ l n 3 1 ~ f ) v  10 L N L N B W ~ V ~ ' ~ ~ ~  s .n 

4. ~ 3 4  = 

3 3 ~ 3 ~ 1 3 ~ 3 ~  

'"'0 ' ~ J D o ~ @ ~ J )  + n o q + p  se!(!mdo3 
SNOILXS 3 ~ t l n 3  1 ~ 3 1 1 ~ 3 ~  : S A W M ~ ~ I ~ S  3 1 n ~ 3  
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard, Q,, 
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I CHUTE SPILLWAYS: V E R T I C A L  CURVE SECTIONS 
Coordinates of Upper and Lower Vertical Curves and Value of  s, 

The coordinates of the upper vertical curve 
are given by the equation: 

36y = 5 
Values of xl and yl for any channel slope so 
are given by the equations: 

X, = 188, 
Y, = 9 8 3  

Values of x l  and yl for channels having 
3 to 1 slope may be read from sheet 4. 

All dimensions are in feet. Values of x 
and yl may be read from Table )b, sheet 

SOLVING FOR I'ALUES OF x, y2 

Values of xp and yz for any chnnnel slope so are 
given by the equations: 1 The values x2 and y2 may be read from Sheet 

x, = [M + 2  - N sec(tan-'s,] - >Oso + 32s"  
4 for channels having j to 1 bottom slope. 

So XZ = 23.339 ft 

HEFER TO SHEETS 1, 3, AND 4 FOR DRAWINGS, DEFINITIONS, AND OTIER VALLmS.  

yZ = 8 + 16sV2 - 25s02 
Values of x2 and y2 for channels hiving 
5 to 1 slope may be read frau, sheet h .  

GENERAL FORMULAS 

The value of s,, for vertical curve sections terminating with any slope 
80  can be obtained by the solution of the quadratic equation: 

168, 8: + [M +3 - N sec(tan-'so) - 508~7 sv + s0(25s02 -8 )  = 0 

When a, is imaglnery then no lor.er vertical 
curve is required. 

L 

The coordinntes of the lower vertical curve 
may be obtained from sheets (S,l+;and IS, 
The coordinates of the lower vertical curve 
are given by the equation: 

EXAMPLE 

Given: Vertical curve section as shown by drawing on sheer 1 
w i t h  the following dimensions: M = 4.5, N = 2.0, 3 = e.0, 

so = 113. 

-: The Of the upper end lower Of 
the vertical curve section and the slope sv. 

Solution: Solving for the slope s V ;  The slope sv for verti- 
cal curve sections terminating with slope so = 1/3 can be 
read from Table 3b, sheet 4. sv = 0.2760. 

When sv is imaginary then M i 5.11 ft and no lower vertical 
curve is required and y, = 1 ft and x, L 6 ft. See sheet 1 

y = 0.018 + svx 
Values of x, and y, for any channel slope 
s, are glven by the equatjona: 

Values of x3 and y, for chnnnels having 
3 to 1 slope may be read from sheet 4 .  

Values of s, for channels having j to 1 
slope may be read from sheet 4 .  

REFERENCE 

and Table 3a, sheet J .  

LVINC FOR COORDINATtS OF UPPER VERTICAL CURVt' 

Tablb A 

III 
. - 

4 d 
\- 

% 

<.. 4 2 5 - 3.0 -a 
. * 7  L 

- 3.5 

INC FOR CO0RDINATt:S OF LOWER VF,RTICAL CURVL 

Table 8 T C  

Coordinates of 
lower vertical 
curve 

x'in ft. y in ft. 

0.50 0.140 

0.75 0.2 13 

.- ~- 
1.25 ,0.363 

All dimensions are ~n feet. Values of X, 
and y, may be read from Table jb, sheet 4 

SOIL CONSERVATION SERVICE I ES- 88 
SHEET 12 OF 16 
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CHUTE SPILLWAYS: V E R T I C A L  CURVE SECTIONS 
Coordinates of Lower Vertical Curves and Value of s.. 

Alignment  chart  solves formula 

The values of x, and y, are 
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CHUTE SPILLWAYS: VERTICAL  CURVE SECTIONS 
Coordinates of Lower Vertical Curves and Value of a, 

Alignment chart solves formula 

y = 0.012 + s,x 

The values of x, and y3 are 
x3 = 50 (s  

0 - sv)  
y, = 25 ( s d  - s =)  v 
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CHUTE SPILLWAYS: V E R T I C A L  CURVE S E C T I O N S  
Coordinates of Lower Vert ical  Curves and Value of s,, 

Alignment chart solves formula 1 
y = 0.012 + svx 

The values of x, and y, are 

x3 = 50 (so - s V )  2.4  
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS: Example 

Given: A design discharge, Q, = 320 cfs, i s  t o  be conveyed by a chute having a width, - 
W = 12 f t ,  and a 7 t o  1 slope. The v e r t i c a l  distance from the  c r e s t  of the i n l e t  
t o  the f loor  of the  SAF out le t  i.s Z = 33 ft. The i n l e t  w i l l  require no freeboard 
f o r  waves. 

Determine: I. The recomnlendrd required capacity of the chute: ( f) Qfr; ( i i )  qfr 
2. The required dimensions of t h e  v e r t i c a l  curve sect lon having a 

ver t i ca l  drop of 2 - 8 f t  
3. The capacity of the vertical.  curve section: ( i )  Qsv; ( i i )  qSV 
4. The c r i t i c a l  depth of flow, d,, corresponding t o  t h e  discharge, Qfr 
5. The depth o r  flow without a i r  entrainment a t  section N f o r  t h e  d i s -  

charges: ( i )  Qfr; ( i i )  Qsv 

Solution: 1. The recommended required capacity of the chute i s  

2. (a) Read on sheet 6, f o r  3 = 8 St,  a t  W - 12 f t  and Qfr = 415.68 c f s  
the required dimensions 

M 1 4 . > 0 f t  andN=Z! .OOft  

a s  thc djlnensions which are capable of conveying 415.68 c fs  

(b)  Tiis determination can a l so  be mad.e by reading from tab le  3b, sheet 
4, f o r  2-=.  8 f t  and a q - 34.63 c f s / f t .  For M: 4.50 Y t  and 
N s 2 .OO f t ,  bv = 3 3 . d  c i s / f t  which i s  greater  than the required 
c a ~ a c i t y  qfr = jk .63 ci 's/ft .  The dimensions x,, y,, x:?, y2, xg, y3, 
a d  s v  may be read from t h i s  same tab le .  The coordinates, x and y, 
of' the v e r t i c a l  curves may be determined as  shown by sheets 12, lj, 
lh, and 15. 

3. The capacity of the v e r t i c a l  curve section i s  civen by the equation 

4. The critica.1. depth of flow may be read from ES-24 of the  Engineering Hand- 
book, Hydraulics, Sectlon 5. When Q = 415.68 c f s  o r  q = 34.65 c f s / f t ,  
read dc = 7-36 f t  on l i n e  7./b = 0 .  The actual. depth of flow a t  the  o r ig jn  
of the uppcr v e r t i c a l  curvr having a discharge of 415.68 c f s  i s  l e s s  than 
dc or 3.36 f t  and greater  than 0.715 d, o r  (0.715)(3.36) = 2.40 ft. The 
ac tua l  depth of flow i s  dependent on the approach conditions and t h e  upper 
v e r t i c a l  curve and n closer  evaluation of i t s  v a l u e  i s  not proposed. 

5. The depth of flow without a i r  entrainment may be read from ES-78 
( i )  Interpolating between W = 10 f t  and W = 15 f t  f o r  W = 12.0 ft  

read on sheet 11 (W = 10)  and sheet 13 (W = 1 5 )  a t  q = 34.63 
c f s / f t  and y = 8 ft 

( w  = l o )  d = 1.283 f t  
( w = 1 5 )  a = l . e 8 0 f t  

The depth of flow without a i r  entrainment a t  sect ion N fo r  the  
discharge Qf, = 415.68 c f s  i s  

( i i )  Interpolating between W = 10 f t  and W = 15 f t  f o r  W = 12.0 f t  
read on sheet 11 ( W  = 10)  and sheet I 3  (W = 15) a t  q = 27.06 
c f s / f t  and y = 8 f t  

The depth of flow without ai.r  entrainment at, sect ion N f o r  the  
discharge Qsv = 324.7 cfs  i s  

d = 1.027 rt 
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Function of Channels. (See ES-78, page 2.143, for nomenclature.) The 
function of the channel is to convey md guide all discharges equal to or 
less than the design discharge to a lower elevation without erosion. 

Freeboard. Freeboerd of the steep channel is defined in the same man- 
ner as for the vertical curve sections at section N. (See page 2.121.) 

Air Entrainment. Depths of flow will be evaluated for water-air admix- 
tures because of air entrainment. When Plow in a steep chute is allowed to 
accelerate over a sufficient distance, air is mixed with the water and "air 
entrainment" results. This phenomenon is also known as "white water," "air 
bulking, " "bulking of water, " or "self -a,eration . 'I It can be observed also 
in waterfalls and swift streams. A water surface in the usual sense does 
not exist, especially at the higher velocities, for there is considerzble 
spray or small droplets through the upper portion of flow. Because of tilts 
condition, the definition of water surface is somewhat arbitrary. The foamy 
admixture does not extend to the lower 
channel, except on very long and steep 
and pester). (see Fig. 8.) 

portion of the flow, or bottom of the 
slopes (slopes of the order of 4 to 1 

Mostly air; some drops of water. 
Air-water admixture. - - - - - - - 
Mostly water;  some bubbles of air. ----- 

Schematic Drawing Showing Distribution of 
Air and Water in Air-water Admixture 

The air entrainment for good inlet-flow conditions normally starts along 
the sidewalls of the steep channel and progresses obliquely towards the axis 
of the chute. In wide chutes, air entrainment tends to begin across the en- 
tire section. The mechanics of air entrainment is a continuing process of 
entrainment and release of' a.ir. Velocity, the distance traveled, and the 
roughness of the channel are factors which contribute to the development of 
this phenomenon. Air entrainment is reduced when cross section and volume of 
flow are increased while other factors are held constamt. The initial en- 
trainment of air depends on entrance conditions. If excessive turbulence 
exists nt the entrance of the vertical curve section, entrained air will occur 
throughout the length of the channel of the chute. If good inlet conditions 
exist, air entrainment will not occur for some distance downstream. 



Only scanty information on air entrainment is available to the design 
engineer. D. B. ~umensk~l sta,tes that fair results are obtained in de- 
termining ~ctual velocities v of flow in a steep, open channel by using a 
roughness coefficient of n = 0.008 for concrete in the varied-flow eq.ua.tion. 
This value of n is smaller than thet used for concrete channels of flat 
slopes because the air-water admixture appears to have lower friction loss 
and the values of n = 0.012 to 0.015 do not 2,ppezr to apply for the higher 
velocities of flow. The effect of evaluating n too small is to cause the 
determined depth of flow to be small and the velocity to be high. This re- 
sults in an under-design of the required height of the channel walls and an 
over-design of the outlet. Conversely, the evaluation of a"n n too large 
causes an over-design of the chmnel wall height and under-design of the out- 
let. A fictitious depth of flow d is obtained by the formula. 

where $ = actual discharge of w2"ter in cfs 
v = actual velocity of admixture of air and water in ft/sec 
d = fictitious depth of flow, or 

= eq-uivalent depth of flow of air-water admixture without 
the air in ft 

This fictitious depth of flow 13 is the depth of water without eir en- 
trainment. The grobable maximum amount of air entrainment for the discharge 
$ and actual velocity v is given by 

volume of air in air-water admixture where m = 
volwne of water in zir-water admixture 

v = actual velocity of water in ft/sec 
g = acceleration due to gravity--32.16 ft/sec2 

The actual depth of flow da of the air-water admixture is 

where p = volume of air-water admixture per cubic foot of water in ft3 

The theory of water-surface profiles for flat-grade channels as found 
in the Engineering Handbook, Section 5, Hydraulics, Supplement A, should not 
be used for steep slopes. Flow on steep grades presents a distinctly differ- 
ent problem from flow on flat grades and should be so treated. The major 
rkasons the theory of open-channel flow on steep sloped channels is dif- 
ferent from that on flat-graae channels are: 

'~umensk~, D. B., Air Entrained in Fast Water Affects Design of Train- 
ing Walls and Stilling Basins, Civil Engineering, page 35, Dec. 1949. 



a. In the theory of flow on flat-grade channels, the assump- 
tion is made that the pressure below the surface is the product of the 
density and vertical depth. Actually, the pressure is a function of the 
slope as well. 

b. The depth of flow for channels of flat slopes is taken to 
be the vertical depth of flow. The depth of flow for steep channels is 
perpendicular to the bottom slope. 

c. Depths of flow in steep sloped channels need to be evalua- 
ted for water-air admixture because of air entrainment. 

d. It is assumed that the water surface in the steep channel 
has a level surface in cross section. Particular attention needs to be 
given to whether or not this assumption is valid--that is, no standing 
waves are present--whenever the modified differential equation of varied 
flow for steep channels is used to evaluate water-surface profiles. 

e. The assumption is tacitly made that the horizontal length 
of a flat-grade channel is equal to its true length. Channels of steep 
grades invalidate this assumption. 

Water-surface profiles for accelerated supercritical flow in rec- 
tangular channels having a slope of 3 to 1 are given by ES-78, page 2.148 
to 2.3-57. The probable maximum air entrainment p is also given in these 
drawings. Similar diagrams for channels having 4 to 1 and 10 to 1 slopes 
are given by ES-78, pages 2.158 to 2.177. 

ES-147 gives water-surface profiles for 100 foot wide rectangular chan- 
nels with slopes of 3 to 1, 4 to 1, and 10 to 1, pages 2.178 through 
2.183. Since the influence of sidewall friction decreases with width, 
these drawings may be used with sufficient accuracy for all widths 
greater than about 50 feet. 

Capacity. Since the actual depth of flow of the air-water admixture 
da in steep channels decreases only slightly for low discharges q after a 
vertical drop of 8 ft, the capacity without freeboard qmc of the channel 
is taken as the capacity without freeboard qmN of the vertical-curve sec- 
tion at section N. The capacity without freeboard qmc for channels can 
be read from the table on page 2.186 of ES-84. The capacity without free- 
board Qmc may be read from ES-84, page 2.187. 





having o 3 io I  s lope  ond W =  0 ft. 

Values of d and p are read f rom 
sheet l l  



CHUTE SPILLWAYS:  WATER - S U R F A C E  P R O F I L E S  ; 
Definition of symbols. 

D E F I N I T I O N  OF SlIMBOLS 

= Fictitious depth of flow, assuming no air entrainment, in a chan- 
nel of slope as designated by the charts at a section located 
such that its bottom is a vertical distance of y ft below the 
bottom of the section at which critical depth occurs in ft 

= Actual depth of flow normal to channel bottom in the section at 
which d is evaluated in ft 

= Critical depth corresponding to the discharge Q in ft 
= Vertical drop from the bottom of the control section (at which 

critical depth occurs) to the channel bottom at the section 
where d is evaluated when the channel bottom has a slope as 
designated by the charts in ft 

= Horizontal distance of a channel having a bottom of slope as 
designated by the charts from the control section to the sec- 
tion at which d is evaluated in ft 

= Width of steep channel in ft 
= Volume of air-water admixture per cubic foot of water in ft3 
= Actual velocity of water in channel of slope as designated by the 

charts at the section where d is evaluated in ft/sec 
= Acceleration due to gravity--32.2 ft/sec2 
= Discharge for which water-surface profile is determined in c-fs 

Qc,d = critical discharge corresponding to the depth d in cfs 
Qn,d = Normal discharge corresponding to the depth d in cfs. Qn,d is 

1.486 ar2/3 1/2 evaluated by the formula Qn, d = - 
n 0 

= Discharge per foot width for which water-surface profile is de- 
termined in cfs/ft 

= Angle the channel bottom makes with a horizontal plane = tanmlso 
= Slope of bottom of channel in ft/ft 
= Manning's coefficient of roughness 
= Channel area corresponding to the depth d in ft2 
= Hydraulic radius corresponding to the depth d in ft 
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-- -- I CHUTE SPILLWAYS : WATER S U R F A C E  PROFILES ; Formulas. 

FOWLLAS AND VALUES 

Differential equation of varied flow for flow on steep slo$es 

So dx -- 
cos 0 dd 

Actual velocity of flow in channel 

Actual depth of flow is 

The air entrainment 
. -2 * 

The value of the roughness coefficient used in computing the water-surface profiles as given by 
sheets 6 to 35 is 

The depth of flow at the control section is assumed to be the critical depth dc corresponding to 
the discharge Q when Water-surface profiles are evaluated. The actual depth of flow at the con- 
trol section is dc when the slope of the channel immediately downstream from the control section 
is critical sc and can approach 0.713dc as the slope of the channel immediately downstream ap- 
proaches a fully aerated free overfall. The actual depth of flow at the control section d, has a 
value in the closed interval 0.715dc _< da 5 dc if no negative bed pressures exist in the reach 
immediately downstream from the control section. If negative bed pressures do exist the actual 
depth of flow at the control section may be greater or less than 0.715dc. The critical depth is 
used for evaluating water-surface profiles rather than any actual depth because of the curvilinear 
movement which exists at the control section. This curvilinear movement represents energy which 
is partially recoverable, either as depth of flow or kinetic energy, at a short distance down- 
stream from the control section, probably within the distance of x _< 2dc. Since no evaluation 
of curvilinear movement has been made in the derivation of the differential equation, the energy 
head of the actual depth of flow and of the curvilinear movement is taken to be dc at the con- 
trol section. It is because of this curvilinear movement that no attempt is made to define 
water-surface profiles for vertical drops less than one foot (y < 1.0 ft). Furthermore, for the 
high values of q's shown by the diagrams, the corresponding d's are undoubtedly greater than the 
true depth of flow when the value of y is small. The derivation of the differential equation is 
based on the assumptions that uniform velocities and discharges occur at all cross sections; i.e., 
no standing waves occur. Corrections have been made in the derivation to measure depth of flow 
perpendicular to the slope and to account for the effect of the steep slope on the hydrostatic 
head. These diagrams are to be used for accelerated supercritical flows in rectangular 
channels having the designated slope. Interpolated values for other widths and slopes than those 
shown can generally be used. Values of y or d may be evaluated by extrapolation when so is in 
the interval 0.333 < so _< 0.5. 

jt Gumensky, D. B., Air Entrained in Fast Water Affects Design of Training Walls and Stilling 
Basins, Civil Engineering, p. 35, December 1943. 

STANDARD DWG. NO. 

ES- 78 
REFERENCE: 

U. S. DEPARWNT OF AGRICULTURE 
SOIL CONSERVATION SERVICE 



1 CHUTE SPILLWAYS : WATER SURFACE-PROFILES ; Examples 

EXAMPLE 1 

Given: A chute channel with a width of 10 ft (W = 10 ft) and a discharge of 200 cfs nas a depth of 
flow without air entrainment of 1.0 ft at section 1 (dl = 1.0 ft). The slope of the channel down- 
stream from section 1 is 3 to 1. Good velocity and discharge distribution exist at section 1. l -  

Determine: 1. The velocity of air-water admixture at section 2 which is 20 ft vertically downstream 
from section 1. 

2. The air entrainment factor p of the air-water admixture at section 2. 
7 .  The depth of flow of air-water admixture at section 2. 

I Solution: The slope upstream from section 1 is not given nor is it relevant to the solution of this 
example. The vertical drop y given by ES-78 is related to the control section as a datum for a 
rectangular prismatic channel of a constant slope so and constant q. Whenever a depth of flow is 
given at an unlocated section, as in this example, and the downstream slope to section 2 is con- 
stant and known, it becomes necessary to locate section 1 with respect to the common datum Eor the 

, known slope and q to determine the location of section 2 with respect to the datum. 

la. Section 1 is located at a vertical distance of y, = 3.92 ft downstream from the con- 
trol section when the channel has a 3 to 1 slope. This value yl = 3.92 ft is read at the inter- 
section of q = Q/W = 200/10 = 20 cfs/ft and d = 1.0 ft, 

lb. The location of section 2 is known to be 20 ft vertically downstream from section 1 
or 20 + 5-92 = 23.92 ft vertically downstream from the control section if the channel slope is 
3 to 1 and q = 20 cfs/ft. The depth of flow without air entrainment at section 2 is (see sheet 11) 
read at the intersection of q = 20 cfs/ft and y = 23.92 ft as 

lc. The velocity of the air-water admixture at section 2 is 

2. The air entrainment factor p at section 2 is read on sheetllat y, = 23.92 ft 
q = 20 cfs/ft as 

p, = 1.42 

3. The depth of air-water admixture at section 2 is 

d, = p2dZ = 1.42 x 0.53 = 0.752 ft 

I EXAMPLF. 2 

METHOD OF INTERPOLATING FOR VALUES OF 
(A) Y 
(B) d 

WHEN WIDTH W AND SLOPE so ARE NOT GIVEN BY CHART 

Given: A chute channel having a width of 20 ft and a depth of flow without air entrainment d = 1.0 ft 
7 section I. The channel is discharging q = 40 cfs/ft and has a bottom slope of 3 + 3  to 1 or 

so = o .2857. 
Determine: The depth of flow without air entrainment at section 2 located 18 ft vertically downstream 

from section 1. 

Solution: The charts of ES-78 are similar and nearly identical for various widths and slopes. 
A. When widths W of channels are to be considered for which no chart value is given, interpolated 

values of y may be used for a given slope. 
A.1. The interpolated value of y for width W = 20 ft and slope 3 to 1 is obtained in the follow- 

ing manner. 
la. From sheet 13 (W = 13 ft) at the intersection of q = 40 cfs/ft and d = 1.0 ft read the 

value 

lb. From sheet 13 (W = 30 ft) at the intersection of g = 40 cfs/ft and d = 1.0 ft read the 
value 

yAlb = 22.1 It 

I lc. The interpolated value of y for W = 20 ft and so = 0.333 at q = 40 cfs/ft and d = 1.0 ft i 

I (Concluded on Sheet 5 )  
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CHUTE SPILLWAYS : WATER SURFACE PROFILES; Examples 

(cont inuat ion from Sheet 4) 

A.2. The in te rpo la ted  value of y  f o r  width W = 20 f t  and slope 4 t o  1 i s  s i m i l a r l y  
obtained. 

2a. From sheet  23 ( W  = 15 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and d  = 1.0 ft 
read t h e  value 

Y A ~ ~  = 23.0 f t  

2b. From sheet 25 (W = 30 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and d  = 1.0 f t  
read t h e  value 

y u b  = 22.7 ft 

2c. The in te rpo la ted  value of YASc f o r  w = 20 f t  and so  = 0.25 a t  q = 40 c f s / f t  and 
d  = 1.0  f t  i s  

A.3. The in te rpo la ted  value of y, f o r  W = 20 f t  and slope 3.5 t o  1 a t  q = 40 c f s / f t  
and d  = 1.0 f t  i s  

B. When widths W of channels a r e  t o  be considered f o r  which no char t  value i s  given, in -  
t e rpo la ted  values of d  may be used f o r  a  given slope. 

B . l .  The in te rpo la ted  value of d f o r  width W = 20 f t  and s lope 3 t o  1 i s  obtained i n  
t h e  following manner. 

l a .  From sheet 1 3  ( W  = 15 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y2 = 18 + yl 
= 40.6 f t  read t h e  value 

dgla = 0.805 f t  

b From sheet  15 ( W  = 30 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y, = 40.6 ft 
read the  value 

dBlb = 0.800 f t  

l c .  The in te rpo la ted  value of d f o r  W = 20 f t  and so  = 0.3333 a t  q = 40 c f s / f t  and 
y, = 40.6 f t  i s  

B.2. The in te rpo la ted  value of d  f o r  width W = 20 f t  and slope 4 t o  1 i s  s imi la r ly  
obtained. 

2a. From sheet 23 (W = 1 5  f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y, = 40.6 f t  
read t h e  value 

dB2, = 0 ~826 f t  

2b. From sheet 25 (W = 30 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y2 = 40.6 f t  
read t h e  value 

dBPb = O .818 f  t 

2c. The in te rpo la ted  value of dggc f o r  W = 20 f t  and s o  = 0.25 a t  q = 40 c f s / f t  and 
y2 = 40.6 f t  is  

B.3. The in te rpo la ted  value of d, f o r  W = 20 f t  a n t  slope 3.5 t o  I a t  q = 40 c f s / f t  and 
y, = 40.6 f t  i s  
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CHUTE SFILLWAYS: WATER- SURFACE PROFILES FOR 
RECTANGULAR SECTIONS; Accelerated supercritical flow. 
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9 = 45 t o  90 
S o =  3 :  1 

REFERENCE 
This d~agram was developed by Poul D. Doubt of the Design Section 

U. S. DEPARTMENT OF AGRICULTURE 
SOIL CONSERVATION SERVICE 

STANDARD DWG NC 

ES - 78 



2.149 

ENGINEERING DIVISION-DESIGN SECTION 
DATE -5 - 

CHUTE SPILLWAYS: WATER-SURFACE PROFILES FOR 
RECTANGULAR SECTIONS; Accelerated supercritical flow. 

. . .  

1 ced, 
so = 3 : 1 

R E F E R E N C E  
This diagram was developed by Paul D Doubt of the Design Section U. S. DEPARTMENT OF AGRICULTURE 

SOIL CONSERVATION SERVICE 
STANDARD DWG. NO. 

ES - 78 



CHUTE SPILLWAYS: WATER -SURFACE PROFILES FOR 
RECTANGULAR SECTIONS; Accelerated supercritical flow. 
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CHUTE SPILLWAYS: WATER-SURFACE PROFILES FOR 
RECTANGULAR SECTIONS; Accelerated supercritical f low. 
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CHUTE SPILL'JVAYS: WATER- SURFACE PROFILES FOR W y  lo fee t  
9 = 45 t o  90 

RECTANGULAR SECTIONS; Accelerated supercritical flow. so=  3 :  1 
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RECTANGULAR SECTIONS: Accelerated supercritical flow. I so= 3 : 1 
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CHUTE SPILLWAYS: WATER- SURFACE PROFILES FOR 
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CHUTE SPILLWAYS: WATER-SURFACE P R O F I L E S  FOR w =  3O feet 
9 = 45 t o  90 

RECTANGULAR SECTIONS; Accelerated supercritical flow. so= 4 : I 

. , 

REFERENCE U. S. DEPARTMENT OF AGRICULTURE STANDARD DWG, NC 
This dicgram was developed by Paul D. Doubt of the Design Section SOIL CONSERVATION SERVICE ES - 78 



2. lG 

CHUTE SPILLWAYS: WATER-SURFACE PROFILES FOR 1 ;O$q, 

RECTANGULAR SECTIONS; Accelerated supercritical flow. so= 4 : 1 

REFERENCE STANDARD DWG. NO. 
This diograrn was developed by Paul D Doubt of the Design Section. '. '. OF 

SOIL CONSERVATION SERVICE ES - 78 
ENGINEERING DMSION-DESIGN SECTION SHEET 25 OF 35 

DATE -1;1-- 



6 8  _ 
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CHUTE SPILLWAYS: WATER - SURFACE PROFILES FOR 
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CHUTE SPILLWAYS: WATER- SURFACE PROFILES FOR 
RECTANGULAR SECTIONS; Accelerated supercritical flow. 
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I CHUTE SPILLWAYS: CHANNELS 
Layout  

ISOMETRIC VIEW 

Numerical values shown 
are suggested minimums. 

I 1 DATE April 1954 
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CHUTE SPILLWAYS: CHANNELS; Definition of symbols 
and Formulas 

Capacities of 
Channel Sections 

4.00 

"Values of qngt are for values of 3 = 8 ft 
values of ;4 see table 2, ES-88. 
tValues are for channels of 3 to 1 slope. 

DEFINITION OF SYMBOLS 

= Height ndrmal to slope so of side- 
wall of channel in ft 

= Vertical drop from crest of inlet 
to floor of outlet in ft 

- Vertical distance from crest of 
mlet to top of floor at en- 
trance of vertical curve section 
in ft. T1,is is zero for straight 
inlets 

: Vertical distance from upstream end 
to downstream end of channel 
in ft 

= Height of sidewalls of SAF above 
floor in ft 

= Vertical drop of vertical curve 
section in ft 

= Width of vertical curve section 
in ft 

= Number of channel sections required 
= ~an-l so 
= Slope of floor of channel in ft/ft 
= Design discharge in cfs 

For other 

FORMULAS 

F = Z + N c o s e - ( J + & + D )  

- (1.20 + 0.003 z) Q~ Qfr - 

9m = qmc 

9fr = Required capacity without freeboard 
in cfs 

qmC = Capacity per foot width of channel 
without freeboard in cfs/ft 

I ENGINEERING DIVISION - DESIGN SECTION I SHEET 2 OF 4 
DATE March 1954 

Revised lo/ 77 

STANDARD DWG. NO. 
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CHUTE SPILLWAY: CHANNEL: Example 
. .- -. . . . 

EXAMPLE 

Given: A chute of width, W = 10 f t ,  has a design dischargr ,  Qr = 360 cfs, and a 7 t o  1 slope.  The chute - 
has a v e r t i c a l  drop from the  c r e s t  of t h c  s t r a i g h t  i n l e t  t o  the  f l o o r  of the  o u t l e t  of Z = 47 f t .  Tne 
v e r t i c a l  curve sec t ion  has a v e r t i c a l  b o p  of 3 = 8 f t  and the  SAF c u t l e t  has t h e  dimension J = 15 f z .  
The i n l e t  w i l l  r equ i re  no freeboard a s  a r e s u l t  of waves. 

Determine: 1. The recommended required capaci ty of the  chute: ( i )  Qfr; ( i l )  qfr 
2 .  The required height of ti$.- s idewalls ,  N ,  of t h e  channel 
3.  The v e r t i c a l  drop, F, r e q d r e d  f o r  t h e  channel 
4.  The number of j o i n t s  i n  t h e  channel i f  they a r e  spaced l e s s  than o r  e q u ~ l  t o  9.5 f t  

( v e r t i c a l l y )  a p a r t  
5 .  The ve loc i ty  and depth o f  flow with a i r  en.trai.nmant and without a i r  entrainment a t  the  end 

of the  channel s e c t i o n  f o r  t h e  discharge Qfr 

Solut ion:  1. The recommended required capaci ty of t h e  chute is  

'ci) gfr = (1.20 + 0.003 z )  Q~ 

Qfr  = p . ? 0  + 0.003 (47)] 380 

Q~~ = 509.6 c f s  

2 .  ( a )  The required height  of the  s idewalls  of t h e  channel mav be read f r o m  t h e  t a b l e  On 
shee t  2 a s  

N = 2.50 f t  

(b) The required height  of t h e  s idewalls  of t h e  channel may a l s o  be read on sheet  5 a t  the  
jn te r sec t ion  of Q f r  = 309.6 c f s  and W = 10 f t  a s  

N = 2.50 f t  

3.  The vertical drop of the  charnel  i s  given by t h e  formula ( D  = 0 )  

F - z + N cos a - ( J  + a )  
F = 47 + 2.57 - (15 + 8) 

F = 26.37 f t  

Values of N cos e when e = tan-' 0.33333 a r e  given in t h e  t a b l e  on shce t  2.  

Three j0lnt.s a r e  r equ i red .  

5 .  The downstream end of t h e  channel i s  loca ted  a v e r t i c a l  d i s t ance  o f & +  F o r  
8 + 26.37 = 34.37 f t  below the  f l o o r  of the  i n l e t .  Read on ES-78 the  i n t e r s e c t i o n  of 
q = 50,96 cfs and y = 5k.j.i  f t  t h e  values 

d - 1 . 6 6  f t  

P = 1.33 

The veloci ty,  v, of the  air-water  admixture i s  

The depth of water without a i r  entrainment i s  

The depth of a i r -wa te r  admixture, rl,, i s  

aa = p d - ( l . j j ) ( 1 . 0 6 6 ]  = 1.42 f t  

- - . . - 
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The criteria for the dimensions of the SAF outlet were developed by 
Fred W .  lai is dell', Hydraulic Engineer, SCS, St. Anthony Falls Hydraulic 
Laboratory. These criteria are given as design formulas in ES-73, page 
2.193, and ES-86, page 2.198. (see ES-'73, page 2.193, for nomenclature. ) 

Function of SAF Outlet. The function of the SAF outlet is to convert, 
for all discharges equal to or less than the design discharge, supercritical 
velocities to subcritical velocities in a manner which will be nonerosive in 
erosible channels. Obviously, certain criteria will be required of the chan- 
nels downstream from the outlet for its proper functioning. These require- 
ments will be presented later. 

Freeboard. The SAF outlet functions well for all discharges less than 
its capacity without freeboard. It will generally function quite well for 
greater discharges for short periods of flw. The freeboard reconrmended for 
SAF outlets is expressed in terms of the increased discharge fr. (see Eq. 
2.1, page 2.7.) The recommended required capacity of the SAF outlet without 
freeboard is Qf, as defined by Eq. 2.2, page 2.7. 

Hydraulic Criteria. The criteria for the SAF outlet are eqressed by a 
graph having the coordinates vl and d,. (See ES-73.) These criteria are 
applicable for a range of Froude's numbers from 3 to 300. The coordinate dl 
(entrance depth) is the fictitious depth of flow d as given by ES-78 and 
ES-86. As given by ES-78, the value of y is the vertical distance between 
the floors of the inlet and outlet of a chute spillway having a 3 to 1 slope. 
The depth of d, for chutes having bottom slopes other than 3 to 1, 4 to 1, 
and 10 to 1 may be calculated by the general differential equation given in 
ES-78, page 2.145 or interpolated using the diagrams of ES-78. The effect 
of air entrainment can be neglected in the design of SAF outlet. The coor- 
dinate vl is the entrance velocity as determined by ES-78 and the equation 

Knowing dl and vl make it possible to determine $ and J from sheet 2 of 
ES-73. For Froudets numbers less than 20, the crest of the boil occurs in 
the stilling basin. For higher Froude's numbers, the crest occurs downstream 
from the endsill. The height J of the stilling basin sidewalls is sufficient 
to keep most splash in the basin. This height is not excessive in most cases 

The wingwalls can be used as retaining walls for earth. Their prime 
function, however, is to prevent eddies along each side of the downstream 
channel which would cause excessive scour. Wingwalls can be set parallel or 
perpendicular to the sidewalls if necessary, but the 45O angle with the chute 
axis is the preferred location in terms of hydraulic functioning. 

Knowing d, and vl make it possible to determine the dimensions of the 
endsill s and the required tailwater height $. The endsill is used to 

'~laisdell, Fred W., Development and Hydraulic Design, Saint Anthony 
Falls Stilling Basin, Trans. ASCE, Vol. 113, p. 483, 1948. 



d e f l e c t  t h e  bottom c u r r e n t s  i n  t h e  f l o o r  of t h e  bas in  upward and o f f  of t h e  
s t ream 'bed. It i s  a l s o  used t o  defl-ect t h e  bottom c u r r e n t s  of t h e  r o l l e r ,  
which a r e  i n  an ugs t reLm d i r e c t i o n ,  upward. This r o l l e r  b r ings  bed m a t e r i a l  
from downstream and. depos i t s  it agarinst t h e  e n d s i l l .  Because of t h i s ,  a toe -  
w a l l  of only nominal depth i s  r equ i r ed .  The c r i . t e r i o n  of t a i l w a t e r  depth d; 
i s  a  minimum requirement f o r  t h e  SRF out,.let t o  funct,ion proper ly .  When t h e  
t a i l w a t e r  depth i s  t o o  low, t h e  r o l l e r  i s  forced  away from t h e  e n d s i l l  of 
t h e  o u t l e t .  When t,he t a i l w a t e r  i s  t o o  g rea t ,  the t a i l w a t e r  w i l l  flow i n  an 
eddy xpstream along t h e  sidewal..ls t o  r e - en te r  .the s t i l l i n g  bas in  and t h e  out-  
l e t  w i l l  not  func t ion  proper ly .  For those  s i t u a t i o n s  i n  which t h e  tailwa-ter 
can f l u c t u a t e  i n  depth f o r  a  d i scharge  equal  t o  t h e  requi-red capac i ty  without  
f reeboard,  t h e  minimum t a i l w s t e r  depth w i l l  determine t h e  e l e v a t i o n  of t h e  
e n d s i l l .  (See below. The stdewtill  he ight  J should. be Increased  i n  amount 
equal  t o  t h e  d i f f e r e n c e  between t h e  l ~ ! a x i l n ~  and minimum t a i l w a t e r  depths 
which may be  expected f o r  a  discha.rge equ.al t o  t h e  r equ i r ed  capac l ty  with-  
out f reeboard .  The SLW o u t l e t  w i l l  ope ra t e  s a t i s f a c t o r i l y  f o r  g r e a t e r  t a i l -  
water  depths t han  t h e  d; provided t k ~ e  s idewa l l  height,s a r e  s u f f i c i e n t l y  
g r e a t  t o  prevent  re -en t rance  of the  t s i l w a t e r  over t h e  t o p  of t h e  s idewa l l s  
i n t o  t h e  b a s i n .  The t a i l w a t e r  e l e v a t i o n  a t  the e n d s i l l  car, be  determined by 
computing t h e  water-sur:faee p r o f i l e  f  rorn a poin t  s u f f i c i e n t l y  f a r  downstream 
from t h e  e n d s i l l  f o r  a discha.r@e eq.ua.1 t o  the discharge Qfr. (See Engineer- 
ing  Handbook, Sec t ion  5 ,  Hydraul ics .  ) The flow i n  t h i s  reg ion  i s  s u b c r i t i c a l ;  
t he re fo re ,  t hese  c a l c u l a t i o n s  a r e  made i n  an upstream d i r e c t i o n .  The SAF 
o u t l e t  w i l l  no t  prevec t  e ros ion  in, t h e  channel downstream from t h e  SAF i f  t h e  
channel i s  scouring.  When a scouring condi t ion  e x i s t s ,  it should be r e a l i z e d  
t h a t  t h e  ta i lwa . te r  e l e v a t i o n  w i l l  be lowered a f t e r  a pe r iod  of t ime because 
t h e  channel bottom i s  lowered as a r e s u l t  of e ros ion .  Scouring can be con- 
t r o l l e d  by a g rad ien t  c o n t r o l  s t r u c t u r e  downstream from t h e  SAF o u t l e t .  The 
minimum requ i r ed  t a i l w a t e r  e l e v a t i o n  i n  terms of depth above t h e  SAF f l o o r  
can be a t t a i n e d  i n  one of two ways: 

1. Proper determinat ion of t h e  e l eva t ion  of t h e  SAF o u t l e t  f l o o r  
wi th  r e spec t  t o  the norierosive channel bottom. 

2 .  Construct ion of a, s t ruc tu . r e  down.strea.mn from t h e  SAF o u t l e t  t o  
f i x  t h e  t a i l w a t e r  e l e v a t i o n ,  

The c r - i t e r i a  f o r  chute  and f l o o r  blocks and t h e i r  placement a r e  given 
on shee t  1 of ES-75. P i t t m g  of concre te  due t o  c a v i t a t i o n  w i l l  occur a t  
t h e  f l o o r  and chute b locks  when t h e  e n t r ~ n c e  v e l o c i t y  vl i s  greaLer than  
65 f t / s ec . '  When such a condi t ion  occurs,  t hese  blocks can be designed of 
a shape t o  e l imina te  c a v i t a t i o n ,  The purpose of t h e s e  blocks i s  t o  remove 
energy from t h e  water  and he lp  c r e a t e  turbulence  t o  e f f e c t i v e l y  cause energy 
d i s s i p a t i o n .  

The bas in  having d iverg ing  s idewa l l s  appears t o  be s l i g h t l y  more e f f e t -  
t i v e  t han  t h e  b a s i n  wi th  p a r a l l e l  s idewa l l s .  

A l l  odd dimensions r ead  from ES-73 shoulci be increased  t o  t h e  next  even 
number t o  s imp l i fy  construct i .on.  

'~homas, 11. A,, and Hoplrins, C a v i t t ~ t i o n  on Baf f l e  P i e r s ,  Proceedings 
of -:he Second Hydraulic Conference, Iowa, June 1942. 



ES-86, page 2.202, g ives  the  capacity without freeboard b, of  SAF out-  
lets f o r  various values of dl, J, and LB. For a given required capaci ty  
without freeboard, a seudy of ES-78 and ES-86 w i l l  show an increase i n  the  
width of the chute w i l l .  decrease bo, dl, J, and LB. The corresponding 
values f o r  required t a i lwa te r  depth d$ md height of e n d s i l l  s i s  given on 
page 2.203. These values are a l so  l i s t e d  i n  tabular  form on pages 2.199 t o  
2.201. 





I HYDRAULIC DESIGN CRITERIA AND CHARTS FOR SAF STILLING BASlN 

DETAILS OF LAYOUT FOR FLOOR AND CHUTE B L O C S  

I .  HEIGHT OF FLOOR AND CHUTE BLOCKS IS dl 

2. WlDTH AND SPACING OF FLOOR AND CHUTE BLOCKS 
APPROXIMATELY 3d' 

4 

. - - - - - - - 3. NO FLOOR BLOCK SHOULD BE PLACED CLOSER TO 

RECTANGULAR S T I L L I N G  B A S I N  SIDEWALL THAN 3d 
(HALF-PLAN) mn 

8 
t 4 .  FLOOR BLOCKS OCCUPY BETWEEN 4 0  AND 55 PERCENT 
t- 3 OF S T I L L I N G  BASIN WIDTH AT BLOCKS 

5.  CHUTE BLOCKS TO B E  STAGGERED WITH FLOOR BLOCKS 
h 

sw n 4.1 6. A PORTION OF A CHUTE BLOCK OR A WHOLE CHUTE BLOCK 

\ I MAY BE ADJACENT TO A S IDEWALL 

7. SPACE BETWEEN SIDEWALL AND FIRST CHUTE BLOCK 
IS NOT TO BE GREATER THAN APPROXIMATELY ?.!?!L 

4 
8. BLOCKS ARE TO BE SYMMETRICAL ABOUT STILLING BASIN 

T R A P E Z O I D A L  S T I L L I N G  CENTER LINE 

B A S I N  (HALF- PLAN) 

- -- 

CHUTE BLOCKSA'.'.'.' . "V ..: '7 ' : 
FLOOR OF BASIN 

S E C T I O N  A L O N G  C E N T E R  L I N E  

DESIGN FORMULAS 

3 5  F; 5 300 

DEFINITION OF SYMBOLS 

F; = FROUDE'S NUMBERS& (D~MENSIONLESS NUMBER) 
S d, 

v ,  = ENTRANCE VELOCITY OF WATER TO S A F  STILLING BASlN - F T  /SEC. 

d, = ENTRANCE DEPTH OF WATER TO S A F  S T I L L I N G  B A S I N -  F E E T  

L8= LENGTH OF S A F  STILL ING B A S I N -  FEET 

J = HEIGHT OF SIDEWALLS OF S A F  S T I L L I N G  BASIN-  F E E T  

s = HEIGHT OF TRANSVERSE END S I L L  OF $ A F  S T I L L I N G  BASIN-FEET 

dd = REQUIRED HEIGHT OF TAILWATER OVER S A F  S T I L L I N G  B A S l N  -FEET 

dz = SEQUENT DEPTH OF FLOW TO DEPTH dl - FEET 

g = ACCELERATION DUE TO GRAVITY - 32 16 FT./sEc.' 

W, = WlDTH OF SAF STILLING BASlN AT DOWNSTREAM END OF CHUTE BLOCKS-FEET 

W2 = WlDTH OFSAF STILLING BASIN AT UPSTREAM END OF FLOOR BLOCKS-FEET 

W3 = WlDTH OF S A F  S T I L L I N G  BASlN AT DOWNSTREAM END- FEET 

Z = DIVERGENCE OF SIDEWALL ( R A T I O )  

REFERENCE 

Bloisdell. F.W. "Development ond Hydraulic 
Design. Soint Anthony Falls Stilling Bosin'.' 
(SAF Stilling Basin) 
Tr0ns.A S C E 113 P, 483-561;1948 

U. S. DEPARTMENT OF AGRICULTURE 

SOIL CONSERVATION SERVICE 

ENGINEERING DIVISION-DESIGN SECTION 

STANDARD DRAWING NO. 
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HY DRAULlC DESIGN CRITERIA AND CHARTS 
FOR SAF STILLING BASIN 

5 15 20 25 30 35 4 0  45 5 0  5 5  60 65 70 

VALUES OF ENTRANCE VELOCITY. u,, IN FEET PER SECOND 
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The General Layout  Drawing 

Numerical  va lues  shown 
a r e  suggested minimums. 

4 
ALTERNATE JOINT DETAIL HALF-PLAN 

LJ 

ISOMETRIC VIEW 

REFERENCE: 

Revised: 11-1-54 

NOTE - 
Hydraulic C r i t e r i a  and Formulas are  given 

b y  ES-73, or by sheets 2,6, and 7 o f  t h i s  
drowing. 

C a ~ a c i t i e s  for t h i s  s t r u c t u r e  a re  given on  
sheets 2 througn 7 of t h i s  drawing. 

The backfill will be l imited t o  one o f  the following 
heights, whichever is least :  

I .  Top o f  sidewall and wingwall. 
2. 3d ;  above the floor o f  t he  basin. 
3. 5 f e e t  above the f l o o r  o f  t he  basin. 

U. S. DEPARTMENT OF AGRICULTURE STANDARD WG' I SOIL CONSERVATION SERVICE I ES-86 
ENGINEERING DIVISION- DESIGN SECTION SHEET I OF SHEETS 

DATE 3-30-54 

Revised 



I CHUTE SPILLWAYS: SAF OUTLETS; 
Definition o f  symbols and Formulas 

v 
F, = Froude ' s  r i m L c r  1 at eritr:>ncc of  SAF bas113 (d imens ion les s  numbcr)  

~ 6 ,  
J = Height of s:idewnlls oi' SAF :ibovc f l o o r  i n  ft 
Lg = Length of SAF b a s i n  (incLudi.ng end sill) i n  f't 

dl = Height of f l o o r  m d  chu te  b l o c k s  a.bove fl.oor of SAF b a s i n  i n  f t  
dl Entrance  d e p t i ~  of  wa te r  wi thout  a i r  t o  SAF basin in f t  
s = Hei{:ht o f  t r a n s v e r s e  end sill above f l o o r  of S M  b a s i n  i n  inches  

d; = Required h e i g h t  of t a i l w x t e r  above f l o o r  of  SAF bas  i n  i n  f t  
d2 = Sequent depth  of f low t o  depth  d, i n  f t  
v, - Eritrancc v e l o c i t y  o f  wa te r  t o  SAF bnsin i n  f t / n e c  
W = Width of  SAF o u t l e t  i n  f t  

4, = Design discharge in c f s  

Q f r  = Recommended r equ i red  c a p a c i t y  wi thou t  f r e e b o a r d  of SAF o u t l e t  i n  c f s  
Qmo = Capac i ty  wi thou t  freeboard of SAF o u t l e t  i n  c f s  
Qso = Capaci ty  of  SAF o u t l e t  i.n c f s  

qr  = Design d i s c h a r g e  per f o o t  width  i n  c f ' s / f t  
q,, = Capac:ity wi thou t  f r e e b o a r d  of SAF o u t l e t  p e r  f o o t  width  in c f s / f t  
so = Slope of  bottom of  ck~arinel i n  the SAF o u t l e t  f t / f t  
N = P e r p e n d i c u l a r  h e i g h t  of' s i d e w a l l s  above ch:innel f l o o r  a t  ups t ream end of SAT 

o u t l e t  i n  f t  
g = A c c e l e r a t i o n  due t o  gravi ty--52.16 f t / s e c 2  

DESIGN FORMULAS 

j <F, S 3 O O  
vie 

1. F, = - 

The b a c k f i l l  w i l l  be l i m i t e d  t o  
one o f  t h e  fo l lowing  h e i g h t s ,  
whichever i s  l e a s t :  

1. Top of  s i d e w a l l  and wing- 
w a l l .  

2. $d; above t h e  f l o o r  of  
t h e  b a s i n ,  

3. 5 f e e t  above t h e  f l o o r  of 
t h e  basin. 

REFERENCE S T A N D A R D  DWG. NO. 
ti.S I_)EI'AKThlENT O F  AGRICULTURE 

SOIL CONSERVATION SERVJCE E S - 86 
ESGISEEKIXG DIVISIOK - DESIGN SECTIOS SHEET 2 OF 8 

D A T E  February 1951 

Revised 10177 





35.813 
37.252 
34.836 
40.99 
41.715 
41.715 
43.152 
43.152 
411.59 
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50.03: 
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51.37@ 
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52.74C 
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52.74C 
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55.412 
55.412 
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2.202 

CHUTE S P I L L W A Y S :  S A F  O U T L E T S  J in f e e t  
Capacities without freeboard for various dimensions L,in fee t  

REFERENCE I 
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CHUTE SPILLWAYS:  S A F  O U T L E T S  
T a i l w a t e r  requirment  a n d  e n d  sill h e i g h t .  I d; in  feeT 

s  in inches 

REFERENCE I J STANDARD D W G  NO 
Blalsdel l ,  F  W " ~ e v e l o p m e n t  And Hydroul~c IJ S DJFAIf lMENT OF ACRICU1,TURE 
Design. Samt Anthony Falls Sfllllng B o r l n "  
( S A F  s t ~ l l l n g  Baslnl  SOIL CONSERVATION SERVICE E S - 8 6  
Trans A S  C E I I 3P .  4 8 3 - 5 6 1 . 1 3 4 8  

ENGINEERING UIVISION-DESIGN SECTION 
SHEET , O F  ' 
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CHUTE SPILLWAYS: S A F  OUTLETS; Example 

I EXAMPLE 

Given: A chute having a s t r a i g h t  i n l e t ,  a bottom slope of  3 t o  1 and a v e r t i c a l  drop 
of  Z = 50 f t  from t h e  c r e s t  of  i n l e t  t o  t h e  f l o o r  of  t h e  o u t l e t .  The design d i s -  
charge i s  200 c f s  W = 8 ft 8 = 8 f t  

Determine: 1. 
2. 

3. 
4. 

Solut ion:  1. -- 

Required capac i ty  without f reeboard.  
The he igh t  o f  t h e  channel s idewal l s ,  N,  and en t rance  depth,  d l ,  of  
flow t o  SAF o u t l e t  without  a i r  entrainment. 
Dimensions of  SAF o u t l e t .  
Required depth o f  t a i l w a t e r .  

The requi red  capac i ty  without f reeboard,  Qfr, i s  

Q, = (1.20 + 0.003 2 )  Q, 

Qfr = l1.20 + (0.003)(50)] 200 = 270 c f s  

= &fr - 270 = qfr - 8 33-75 Cfs / f t  

The requi red  height  of channel  s idewal l s ,  N ,  i s  read  from t a b l e  3b of  
ES-88 as 

N = 2.00 f t  

The en t rance  depth of  flow without a i r  entrainment, d l ,  i s  obtained 
from ES-78. I n t e r p o l a t i o n  f o r  t h i s  depth between W = 6 and W = LO 
from s h e e t s  9 and 11 obta in  

dl  = 0.659 f t  

The dimensions of t h e  SAF may be read  from ES-73 o r  ES-86. 

a .  The dimensions of  t h e  SAF a s  given on sheet  6 of  ES-86 when 
q = 33.75 c f s / f t  and d l  = 0.659 f t  i s  

J = 11.5 f t ;  Lg = 7.5 f t  

The height  of t h e  end s i l l  a s  given on sheet  7 o f  ES-86 when 
q = 33.75 c f s / f t  and d l  = 0.659 f t  i s  

s = 8 inches 

Since t h e  va lue  o f  d l  i s  known, t h e  s i z e  and spacing of  f l o o r  and 
chute  blocks can be determined from shee t  1 of ES-73. 

b. The dimensions of t h e  SAF o u t l e t  may a l s o  be determined by ES-73. 
The en t rance  v e l o c i t y  t o  t h e  SAF o u t l e t  i s  determined by t h e  fo r -  
mula 

From shee t  2 of  ES-73 when vl = 51.2 f t / s e c  and d l  = 0.659 ft 
read  t h e  dimensions 

J = 11.5 f t ;  LB = 7.5 f t  

The he igh t  of t h e  end s i l l  i s  read from sheet  3 of ES-73 a s  s = 8 
inches 

The SAF o u t l e t  w i l l  not cause d i s s i p a t i o n  of  t h e  k i n e t i c  energy u n l e s s  
it has s u f f i c i e n t  t a i l w a t e r  height .  Serious e ros ion  w i l l  occur i n  t h e  
e r o d i b l e  channel downstream from t h e  SAF o u t l e t  whenever s u f f i c i e n t  
t a i l w a t e r  depth is  no t  p resen t .  The requi red  t a i l w a t e r  depth d l  may 
be read  from sheet  7 of ES-86 o r  sheet  3 of  ES-73. 

a; = 8.1 r t  
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VERTICAL CURVE SECTION 

Function of Vertical Curve Section. (See ES-88, page 2.125, for nomen- 
cl2,tur-e.) The explicit function of the vertical curve section is to convey 
and guide all dischrges of water less than the design discharge with a 
recommended freeboard from a channel of one bottom slope to a channel having 
a different bottom slope in a manner which 

a. provides positive bed pressures 
b. will not cause any appreciable waves in the steeply-sloped 

channel. 

Flow in e channel having a bottom slope which increases in the dovn- 
stream direction will exert a pressure on the channel bottom (or bed) less 
than the depth of flow above the bed. When the rate of change in the bot- 
tom slope is sufficiently great, negative pressure will exist on the bed. 
Negative bed pressures indicate the flow springs free of the channel bottom. 
It also indica.tes 2-n upward force is applied adgainst the channel bottom. 
Both of these effects are undesirzble. Flow springing free of the channel 
bottom can cause unacceptable flow conditions downstream by impinging back 
onto the channel bottom. Further, flow springing free of the chamel bed 
may cause overtopping of the channel sidewalls. The force created by the 
negative pressure ca,n be so large that struc'tural failure occurs from uplift 
of channel or of the channel bottom. 

The vertical curve sections considered will be rectangular with straight, 
. parallel sidewalls to insure favorable velocity and discharge distributions. > 

The top edges of the sidewalls are designed to be flush with the embank- 
ment slope. ( s e e  Fig. m, page 2.119. ) In most instances, this requires 
that a vertical curve be constructed at each end of the vertical curve sec- 
tion. Vertical curve sections having their top edge on a slope of 3 to 1 and 
capable of conveying a discha-ge without freeboard qL,v evual to or less than 
20.196 cfslft do not require a lower verticzl curve. Requiring the top edge 
of the sidewall to be flush with the embankment as shown by Fig. 7b usually 
will require the inlet to be of shorter length and the vertical curve section 
longer than for a structure with a vertical curve as shown by Fig. 7a. 

Vertical Curve Used to Change a Channel Bottom of Zero Slope to a 
Slope sv (upper Vertical curve). The momentum theorem gives the horizontal 
velocity v~ of flow over a broad crested weir as 

where vc = critical velocity of the discharge in the weir section in ft/sec 

The actual horizontal velocity of flow over a broad-crested weir is lower 
than the velocity vM given by Eq. 5.1. A vertical curve for a particle of' 
water in the surfxe of the lower nappe and having a velocity of vbl can be 
deduced from the theory of free-falling bodies. 



Equation 5.2 g ives  t h e  equat ion of t h e  upper v e r t i c a l  curve i n  t h e  
v e r t i c a l  curve s e c t i o n  when t h e  o r i g i n  i s  a t  t h e  TC of t h e  curve. ( s e e  
ES-88, page 2.134. ) Coordinates f o r  t h e  v e r t i c a l  curve as def ined  by E q .  
5.2 a r e  given i n  Tzble A.  T h i s  v e r t i c a l  curve i s  s a t i s f a c t o r y  f o r  a l l  
d ischarges  har ing  a c r i t i c a l  depth of 8 f t  o r  l e s s  and i s  used t o  convey 
flow from zero s lope  t o  a s lope  of s y .  

tiliere y = v e r t i c a l  d i s t a n c e  from t h e  o r i g i n  t o  eny p o i n t  on t h e  upper 
v e r t i c a l  curve i n  f t  

x = h o r i z o n t a l  d i s t ance  from t h e  o r i g i n  t o  any p o i n t  on t h e  upper 
v e r t i c z l  curve i n  f t  

A s e t  of va lues  of x 2nd y e r e  given i n  Table A, ES-88, page 2.134. The 
va lues  a r e  applicalble f o r  any s lope  s o  as t h e  d ischarge  i s  l e s s  than  t h a t  
corresponding t o  dc = 8 f t ;  i .e . ,  q < 128.5 c f s / f t .  

The coord ine tes  of t h e  po in t s  xl and yl a t  which t h e  upper v e r t i c a l  
curve has a  s lope  of s v  a r e  

where s v  = s lope  of t h e  bed of t h e  v e r t i c a l  curve s e c t i o n  f t / f t .  ( s e e  
next  paragr2ph f o r  method of determining t h i s  v a l u e . )  

yl = v e r t i c a l  d i s t ance  from t h e  o r i g i n  t o  t h e  end of upper v e r t i c a l  
curve i n  ft 

x, = h o r i z o n t a l  d i s t ance  from t h e  o r i g i n  t o  t h e  end of upper v e r t i -  
c a l  cnrve i n  f t  

The coord ina tes  xl and yl g ive  t h e  d-mensions from t h e  o r i g i n  t o  t h e  down- 
s t ream end of t h e  upstream v e r t i c a l  curve.  These va lues  a r e  t a b u l a t e d  i n  
Table 3, ES-88, page 2.126, when s o  = l/3. 

Slope sv of bottom of' v e r t i c a l  curve s e c t i o n  connect ing t h e  upper m d  
lower v e r t i c a l  curves i s  given by t h e  s o l u t i o n  of the  quadra t i c  equat ion 

16  s o  sv2 + + 8 - N sec  (tan" s o )  - 50 so2] s,, + s o  ( 2 5  so2 -3) = 0 

When s,, i s  imagina,ry, no v e r t i c c l  curve i s  requi red  and t h e  bottom s lope  be-  
comes equnl t o  s o .  Values of sv may be  read  from Table jb, ES-88, page 2.126, 
when s o  = 113. 

Values o f  x, and y, ( s e e  ES-88, pege 2.125, f o r  d e f i n i t i o n )  e r e  given 
by t h e  ec~uat ions  

I -1 x, = -  p + 3 - N  s ec  ( t a n  so)J - 5 0  s o  + 32 s v  
"0 

V, ' lues of x, and y2 f o r  channel bottoms having 3 t o  1 s lope  may be  read  from 
Tsble Tb, ES-88, pege 2.126. 



NOTE - - 
Figure To shows chute spillway having i t s  top  edge of s idewalls  of channel 
and v e r t i c a l  curve s t r a i g h t  and f l u s h  with t h e  embankment. Figure 7a shows 
a chute spi l lway with a  bottom slope so of t h e  channel and lower por t ion  of 
the  v e r t i c a l  curve sec t ion  p a r a l l e l  t o  t h e  embankment s lope.  Observe how 
the  top  edge of t h e  v e r t i c a l  curve sec t ion  i n  Figure 7a p r o j e c t s  above the 
embankment and has a v e r t i c a l  curve sec t ion  shor te r  than t h a t  of Figure 7b 
but an i n l e t  longer than t h a t  shown i n  Figure 7b. I n  some instances Figure 
7b has a v e r t i c a l  curve a t  t h e  downstream end of t h e  v e r t i c a l  curve sec t ion .  
Figure 7a does not requi re  such a v e r t i c a l  curve. Drawing ES-88 i s  based on 

Comparison of a  chute pos i t ion  i n  an embankment obtained by ( a )  f i x i n g  t h e  bottom slope of t h e  channel 
and v e r t i c a l  curve sec t ion  t o  be p a r a l l e l  t o  t h e  embankment s lope and (b) f i x i n g  t h e  t o p  edge of t h e  
s idewal ls  p a r a l l e l  (and f l u s h )  wi th  t h e  embankment. 

FIGURE 7 



Vertical Curve Used to Change a Channel Bottom of Slope sy to Slope 
of so (~ower Vertical Curver. The lower vertical curve is also deduced 
from-the theory of free falling bodies. Equation 5.4 gives the coordinates 
of the lower vertical curve in vertical curve sections when the origin is 
et the TC of the curve. This vertical curve is satisfactory for changing 
bottom slopes from sv to any other greater slope for all discharges having 
a velocity less than 40 ft/sec. It is also satisfactory for all discharges 
which have critical depths less tham 8 ft provided the lower end of this 
vertical curve is a distance 3 o f  8 ft or less below the floor of the inlet. 

where y = vertical distance from the origin to any point on the lower 
vertical curve in ft 

x = horizontal aistance from the origin to any point on the lower 
vertical curve in ft 

sv = slope of the floor of the vertical curve section at the origin 
of the lower verticzl curve in ft/ft 

Values of the coordinates x and y of the lower vertical curve may be obtained 
from pages 2.135, 2.136, md 2 .l37 of ES-88. Values of x, and y, for any 
channel slope are 

Values of x, and y, for chutes having 3 to 1 slope may be read from T2bLe jb, 
ES-88, page 2.126. 

Replacement of Vertical Curves by Straight Chords. Drawing ES-88, page 
2 -124, shows the replacement of vertical curves by straight chords. Values 
of xI, x2, x3) yl) y2, y3? a n d  sv may be determined by the preceding parn- 
graphs. Verticzl curves will provide better flow conditions than straight 
chorCs . 

The a,ssocia,ted values of 2, M, N, R, xl, x,, x,, y,, y2, y3, sy, znd 
qmv for verticel curve sections h~ving the top of their sidewalls on a slope 
of 3 to 1 ere given in Tables 3a and 3b, ES-88, pages 2.125 and 2.126. 
These values are for vertical curve sections used to convey water from a 
horizontal bottom channel to a channel having a 3 to 1 slope. The general 
formulas to determine the value of x,, x,, x,, y,, y,, y3, and sv for any 
value of M, N, so, and 3 are given by ES-88, page 2.134, These formulas 
will give sa,tisfzctory vertical curves provided the restrictions noted in 
the preceding paragraphs are setisfied. 

Freeboard zt m y  section in the vertical curve section is the difference 
in the normal height of the sidewall shove the floor and the perpendicular 
depth of flow of the design discharge Q,. It is measured in feet end is F* 

safety fsctor to prevent overtopping of the sidewall as a result of several 
fectors. These fmtors include wave action, incorrect evaluation of air en- 
trzin~nent (see page 2.139) and depth of flow, or a lxger dischzrge t h m  
anticipated. 



The information available to the design engineer to determine the depth 
of flow for a given discharge in a steep channel is meager. The presence of 
small waves even with good velocity and discharge distribution is likely. 
Because of these facts, n slightly greater factor of safety to prevent over- 
topping will be recommended for vertical curve sections amd steep channels 
than was recommended for inlets. 

The recommended freeboard at any section in the vertical curve section 
is given in terms of an increased discharge Qf, and a, recommended height of 
sidewall 4 / j  times the depth of flow for the discharge Qfr derived by not 
considering air entrainment. The recommended sidewRll height at section Pi 
is 4 dc/3 where dc is the critical depth corresponding to the discharge Qfr. 
This recommendation gives a more positive assurance that the chute spillwzy 
will be ca,pable of conveying the discharge Qfr without splashing over the 
sidewall in the steep channel section. 

Capacity. In view of the possibility of small wzves, the capacity with- 
out freeboard qmv for 2ny section in the vertical curve section is defined 
as that discharge which has a depth of flow o f  314 of the sidewall height. 
The depth of flow is to be evaluated without air entrainment. 

The depth of flow at section M is assumed to be the critical depth of 
the disch8rge. Therefore, the capacity without freeboerd q d  at section M 
is the critical discharge corresponding to the depth j h;/4. The capacity 
without freeboard qf i  at the origin of the upper vertical curve is given by 
T ~ b l e  1, ES-88, page 2.125. The required ccpacity without freeboard for this 
section 1s Qfr. 

The effect of z change of width end a change of slope on dischnrge in 
steep channels is considered. Given two channels of different widths but 
having the same depth of flow d, at the same vertical drop y, below the con- 
trol section and of the same slope, the wider channel will have n slightly 
greater discharge g than the nsrrower channel. This can be verified by 
ES-78, page 2,143, for channels having the same slope but different widths. 
Given two channels of different slopes but of the same width and the szme 
depth of flow dl at the same vertical drop yl below the control section, the 
steeper channel will have a slightly greater discharge q than the fl~tter 
channel. This can be ascertained by consulting ES-78, page 2.143, for chzn- 
nels having the same width but different slopes. The error in taking the 
discharge q of any channel having a depth dl for a drop less than 10 ft, a 
width less than 30 ft, and a slope steeper than 10 to 1 as being equal to 
the discharge of a 4-ft channel laid on a 3 to I slope and having the same 
depth of flow and drop is minor. 

The capacity without freeboard q a  for section N at the downstream end 
of the vertical curve section having a vertical drop 3 i s  the same as the 
discharge q of a 4-foot-wide channel on a 3 to 1 slope when its depth of 
flow without air entrainment is 3 ~ / 4  at a. vertical drop 3below its control 
section. The values of q , ~  are tabulated in Table 2, ES-88, page 2.123. 

The capacity without freeboard q,,, of a vertical curve section is the 
lower value of q m ~  and q d  determined at the section M and N. Capacities 



for v e r t i c a l  curve sections having va.rious values of M, N, and 2 may be de- 
termined from Tables 3a and 3b, pages 2.125 and 2.126. The capacity without 
freeboard Q,,, for various widths W and dropsRis given by ES-88, pages 
2.127, 2.128, 2.129, 2.130, 2.131, 2.132, and 2.133. 

Value of2. The value of 3 i s  chosen as large as maximum joint spacing 
or value of the vertical drop from t h e  floor of the inlet to SAE outlet 
( I . ? . ,  F +-2) will permit. (see section on "Channels" for formula giving 
t h e  value of F . )  By choosing 3 i n  this manner, the minimum value of side 
height N is obtained. 
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CHUTE SPILLWAYS: VERT ICAL  CURVE SECTIONS WITH  STRAIGHT CHORDS; I 
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Table 1  
Capaci t ies  st 

Sect ion  M 

Table 2 
:apor-ltles n t  Section N f o r  Yarlous Values of' 8 and N 

Table e ives  q 

Table jn  
Dimensions and Capaci t ies  

of Vertlcsl Curve Sect ions1 

'see  sheet 4, tab:@ jb, f o r  v e r t l  cal 
curve s e c t ~ o n s  u l t h  l a r g e r  dimens~uns 

FORMULAS 

Q ~ ,  = (1.20 + 0.003 Z )  Q= 

9&=$& 

qmN = discharge havlng a depth 
of 3/4 a; 
when W = 4 and y = h 
a5 shorn by water s u r f k  
p r o f ~ l e  u l thout  a i r  
entrainment for  3 t o  1 
510pe. 

DEFIIITION OF SYMBOLS 

M = height of sidewall a t  orAgin  of upper v e r t i c a l  curve i n  f t  
N = normal hexght of s i d e m l l  of channel t o  slope s o  I" f t  
W width of v e r t i c a l  curve s e c t i o n  i n  f t  
2 = v e r t i c a l  drop f ron c r e s t  of i n l e t  t o  f l o o r  of o u t l e t  in  f t  
R = length  of l e v e l  por t lon  of top  of s i d e v a l l  jn f t  
3 = v e r t i c a l  drop of v e r t i c a l  curve s e c t i o n  i n  f t  
sy = s lope  of f l o o r  of v e r t i c a l  cume sec t ion  i n  f t / f t  
s o  = slope of f l o o r  of channel i n  f t / f t  
e = tan-' so 
du = a c t u a l  deoth of flaw a t  o r i e i n  of v e r t i c a l  curre 1" f t  
iir; I depth of ilow without a i r  entrainment at beginning Of 

channel i n  f t  
d = depth of flow wlthout alr e n t r a l m e n t  i n  f t  
dC = c r i t i c a l  depth of flow i n  it 
xlr yI = coordinates of upper v e r t i c a l  cum* h e n n g  a slope of 

s., i n  f t  
xa ,  yp  = h a r l z a n t a l  and v e r t l c a l  lengths  of t h a t  portion of t h e  

f l o o r  of t h e  v e r t i c a l  curre s e c t ~ o n  hsvlng a  slope 
of s,, in  f t  

x?, y, = coordinates oT lower v e r t i c a l  curve having a s lope  of 
of s I n  f t  

x ,  y = c o a r d i k t e s  f o r  v e r t i c a l  curves i n  f t  
Q, = design discharge I n  c f s  
Q f r  = requl red  capaclty without freeboard i n  c f s  
QSY = Capacity of v e r t i c a l  curve sec t ion  with tile recommended 

freeboard i n  cfs - - ~ ~  - 

q f r  
required discharee r l t h o u t  freeboard per foot  width of 

chute in  c f s / f t  
q,, = capaci ty  of v e r t i c a l  curve sec t ion  wlth the  recommended 

freeboard i n  c f s / f t  
qmY = m"p"city of v e r t i c a l  curve sec t ion  without freeboard i n  

c f s / f t  
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;HUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Dimensions and Capacities of  Vertical Curve Sections for Chutes having 3 to I slope 

T;,b1.c 3b 
Dirncnsions and Capacities of V e r t i c a l  Curve ~ e c t i a d  

Y L T T r Y T  
- 

,?,= 8 ft. 

0 .  i313 22.8e1 G.7>?4 
11.6094 75.339 6.4401 
0.6431 23.813 6.3656 
0.6043 24.500 6.2964 
0.6454 23.787 6.3674 
0.6063 24 2.74 G.jrioo 
0.5703 24.773 6.2j60 
0.6003 24.247 6.3036 
0.5(?2 :?4.746 6.2394 
o.>jiK, ? > . ? > i  6.1799 
O.>ihl 24.719 6.2427 
0.5406 25.230 16.1872 
0.5097 2 5 . 7 2  : 6 . 1 % ~  
1~.749+ 25.202 ' 6.1865 
0.5115 25.7?4 16.1313 
0.b827 26.256 G . 0 0 ~  
0.5130 2,596 16.1 j41  -~ 

a =  6 st. 

e&i 1 -A-. - 

W =  3 rt. 

?,= 4 ft. 

See shcc t  3, table 3a, f a r  vcrtrcal c w c  w c t j o n 6  ' d i t h  smillicr d l m w s ~ n r :  

W i w  M .r 5.11 f t ,  thc v;~lue of  a; = 'r !a- 1 )  and y;, = 3 - 1; xl = f b ,  J ,  = 1.0 , r rc  t o  kc ur r r l  
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard, Qmv . 
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard. Q,, 
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboortl, Om, 2= ?feet 
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS 
Capacities without freeboard, Q,, 
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I CHUTE SPILLWAYS: V E R T I C A L  CURVE SECTIONS 
Coordinates of Upper and Lower Vertical Curves and Value of  s, 

The coordinates of the upper vertical curve 
are given by the equation: 

36y = 5 
Values of xl and yl for any channel slope so 
are given by the equations: 

X, = 188, 
Y, = 9 8 3  

Values of x l  and yl for channels having 
3 to 1 slope may be read from sheet 4. 

All dimensions are in feet. Values of x 
and yl may be read from Table )b, sheet 

SOLVING FOR I'ALUES OF x, y2 

Values of xp and yz for any chnnnel slope so are 
given by the equations: 1 The values x2 and y2 may be read from Sheet 

x, = [M + 2  - N sec(tan-'s,] - >Oso + 32s"  
4 for channels having j to 1 bottom slope. 

So XZ = 23.339 ft 

HEFER TO SHEETS 1, 3, AND 4 FOR DRAWINGS, DEFINITIONS, AND OTIER VALLmS.  

yZ = 8 + 16sV2 - 25s02 
Values of x2 and y2 for channels hiving 
5 to 1 slope may be read frau, sheet h .  

GENERAL FORMULAS 

The value of s,, for vertical curve sections terminating with any slope 
80  can be obtained by the solution of the quadratic equation: 

168, 8: + [M +3 - N sec(tan-'so) - 508~7 sv + s0(25s02 -8 )  = 0 

When a, is imaglnery then no lor.er vertical 
curve is required. 

L 

The coordinntes of the lower vertical curve 
may be obtained from sheets (S,l+;and IS, 
The coordinates of the lower vertical curve 
are given by the equation: 

EXAMPLE 

Given: Vertical curve section as shown by drawing on sheer 1 
w i t h  the following dimensions: M = 4.5, N = 2.0, 3 = e.0, 

so = 113. 

-: The Of the upper end lower Of 
the vertical curve section and the slope sv. 

Solution: Solving for the slope s V ;  The slope sv for verti- 
cal curve sections terminating with slope so = 1/3 can be 
read from Table 3b, sheet 4. sv = 0.2760. 

When sv is imaginary then M i 5.11 ft and no lower vertical 
curve is required and y, = 1 ft and x, L 6 ft. See sheet 1 

y = 0.018 + svx 
Values of x, and y, for any channel slope 
s, are glven by the equatjona: 

Values of x3 and y, for chnnnels having 
3 to 1 slope may be read from sheet 4 .  

Values of s, for channels having j to 1 
slope may be read from sheet 4 .  

REFERENCE 

and Table 3a, sheet J .  

LVINC FOR COORDINATtS OF UPPER VERTICAL CURVt' 

Tablb A 

III 
. - 

4 d 
\- 

% 

<.. 4 2 5 - 3.0 -a 
. * 7  L 

- 3.5 

INC FOR CO0RDINATt:S OF LOWER VF,RTICAL CURVL 

Table 8 T C  

Coordinates of 
lower vertical 
curve 

x'in ft. y in ft. 

0.50 0.140 

0.75 0.2 13 

.- ~- 
1.25 ,0.363 

All dimensions are ~n feet. Values of X, 
and y, may be read from Table jb, sheet 4 
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CHUTE SPILLWAYS: V E R T I C A L  CURVE SECTIONS 
Coordinates of Lower Vertical Curves and Value of s.. 

Alignment  chart  solves formula 

The values of x, and y, are 
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CHUTE SPILLWAYS: VERTICAL  CURVE SECTIONS 
Coordinates of Lower Vertical Curves and Value of a, 

Alignment chart solves formula 

y = 0.012 + s,x 

The values of x, and y3 are 
x3 = 50 (s  

0 - sv)  
y, = 25 ( s d  - s =)  v 

R E F E R E N C E :  I STANOARO DWG NO. 

U. 5. DEPARTMENT OF AGRICULTURE 

I SOIL CONSERVATION SERVICE I ES-  88 

ENGINEERING DMSION- DESIGN SEXTION 14- 16 
DATE Jonuory 1954 

Revised 10/77 



- 

CHUTE SPILLWAYS: V E R T I C A L  CURVE S E C T I O N S  
Coordinates of Lower Vert ical  Curves and Value of s,, 

Alignment chart solves formula 1 
y = 0.012 + svx 

The values of x, and y, are 

x3 = 50 (so - s V )  2.4  
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CHUTE SPILLWAYS: VERTICAL CURVE SECTIONS: Example 

Given: A design discharge, Q, = 320 cfs, i s  t o  be conveyed by a chute having a width, - 
W = 12 f t ,  and a 7 t o  1 slope. The v e r t i c a l  distance from the  c r e s t  of the i n l e t  
t o  the f loor  of the  SAF out le t  i.s Z = 33 ft. The i n l e t  w i l l  require no freeboard 
f o r  waves. 

Determine: I. The recomnlendrd required capacity of the chute: ( f) Qfr; ( i i )  qfr 
2. The required dimensions of t h e  v e r t i c a l  curve sect lon having a 

ver t i ca l  drop of 2 - 8 f t  
3. The capacity of the vertical.  curve section: ( i )  Qsv; ( i i )  qSV 
4. The c r i t i c a l  depth of flow, d,, corresponding t o  t h e  discharge, Qfr 
5. The depth o r  flow without a i r  entrainment a t  section N f o r  t h e  d i s -  

charges: ( i )  Qfr; ( i i )  Qsv 

Solution: 1. The recommended required capacity of the chute i s  

2. (a) Read on sheet 6, f o r  3 = 8 St,  a t  W - 12 f t  and Qfr = 415.68 c f s  
the required dimensions 

M 1 4 . > 0 f t  andN=Z! .OOft  

a s  thc djlnensions which are capable of conveying 415.68 c fs  

(b)  Tiis determination can a l so  be mad.e by reading from tab le  3b, sheet 
4, f o r  2-=.  8 f t  and a q - 34.63 c f s / f t .  For M: 4.50 Y t  and 
N s 2 .OO f t ,  bv = 3 3 . d  c i s / f t  which i s  greater  than the required 
c a ~ a c i t y  qfr = jk .63 ci 's/ft .  The dimensions x,, y,, x:?, y2, xg, y3, 
a d  s v  may be read from t h i s  same tab le .  The coordinates, x and y, 
of' the v e r t i c a l  curves may be determined as  shown by sheets 12, lj, 
lh, and 15. 

3. The capacity of the v e r t i c a l  curve section i s  civen by the equation 

4. The critica.1. depth of flow may be read from ES-24 of the  Engineering Hand- 
book, Hydraulics, Sectlon 5. When Q = 415.68 c f s  o r  q = 34.65 c f s / f t ,  
read dc = 7-36 f t  on l i n e  7./b = 0 .  The actual. depth of flow a t  the  o r ig jn  
of the uppcr v e r t i c a l  curvr having a discharge of 415.68 c f s  i s  l e s s  than 
dc or 3.36 f t  and greater  than 0.715 d, o r  (0.715)(3.36) = 2.40 ft. The 
ac tua l  depth of flow i s  dependent on the approach conditions and t h e  upper 
v e r t i c a l  curve and n closer  evaluation of i t s  v a l u e  i s  not proposed. 

5. The depth of flow without a i r  entrainment may be read from ES-78 
( i )  Interpolating between W = 10 f t  and W = 15 f t  f o r  W = 12.0 ft  

read on sheet 11 (W = 10)  and sheet 13 (W = 1 5 )  a t  q = 34.63 
c f s / f t  and y = 8 ft 

( w  = l o )  d = 1.283 f t  
( w = 1 5 )  a = l . e 8 0 f t  

The depth of flow without a i r  entrainment a t  sect ion N fo r  the  
discharge Qf, = 415.68 c f s  i s  

( i i )  Interpolating between W = 10 f t  and W = 15 f t  f o r  W = 12.0 f t  
read on sheet 11 ( W  = 10)  and sheet I 3  (W = 15) a t  q = 27.06 
c f s / f t  and y = 8 f t  

The depth of flow without ai.r  entrainment at, sect ion N f o r  the  
discharge Qsv = 324.7 cfs  i s  

d = 1.027 rt 
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Function of Channels. (See ES-78, page 2.143, for nomenclature.) The 
function of the channel is to convey md guide all discharges equal to or 
less than the design discharge to a lower elevation without erosion. 

Freeboard. Freeboerd of the steep channel is defined in the same man- 
ner as for the vertical curve sections at section N. (See page 2.121.) 

Air Entrainment. Depths of flow will be evaluated for water-air admix- 
tures because of air entrainment. When Plow in a steep chute is allowed to 
accelerate over a sufficient distance, air is mixed with the water and "air 
entrainment" results. This phenomenon is also known as "white water," "air 
bulking, " "bulking of water, " or "self -a,eration . 'I It can be observed also 
in waterfalls and swift streams. A water surface in the usual sense does 
not exist, especially at the higher velocities, for there is considerzble 
spray or small droplets through the upper portion of flow. Because of tilts 
condition, the definition of water surface is somewhat arbitrary. The foamy 
admixture does not extend to the lower 
channel, except on very long and steep 
and pester). (see Fig. 8.) 

portion of the flow, or bottom of the 
slopes (slopes of the order of 4 to 1 

Mostly air; some drops of water. 
Air-water admixture. - - - - - - - 
Mostly water;  some bubbles of air. ----- 

Schematic Drawing Showing Distribution of 
Air and Water in Air-water Admixture 

The air entrainment for good inlet-flow conditions normally starts along 
the sidewalls of the steep channel and progresses obliquely towards the axis 
of the chute. In wide chutes, air entrainment tends to begin across the en- 
tire section. The mechanics of air entrainment is a continuing process of 
entrainment and release of' a.ir. Velocity, the distance traveled, and the 
roughness of the channel are factors which contribute to the development of 
this phenomenon. Air entrainment is reduced when cross section and volume of 
flow are increased while other factors are held constamt. The initial en- 
trainment of air depends on entrance conditions. If excessive turbulence 
exists nt the entrance of the vertical curve section, entrained air will occur 
throughout the length of the channel of the chute. If good inlet conditions 
exist, air entrainment will not occur for some distance downstream. 



Only scanty information on air entrainment is available to the design 
engineer. D. B. ~umensk~l sta,tes that fair results are obtained in de- 
termining ~ctual velocities v of flow in a steep, open channel by using a 
roughness coefficient of n = 0.008 for concrete in the varied-flow eq.ua.tion. 
This value of n is smaller than thet used for concrete channels of flat 
slopes because the air-water admixture appears to have lower friction loss 
and the values of n = 0.012 to 0.015 do not 2,ppezr to apply for the higher 
velocities of flow. The effect of evaluating n too small is to cause the 
determined depth of flow to be small and the velocity to be high. This re- 
sults in an under-design of the required height of the channel walls and an 
over-design of the outlet. Conversely, the evaluation of a"n n too large 
causes an over-design of the chmnel wall height and under-design of the out- 
let. A fictitious depth of flow d is obtained by the formula. 

where $ = actual discharge of w2"ter in cfs 
v = actual velocity of admixture of air and water in ft/sec 
d = fictitious depth of flow, or 

= eq-uivalent depth of flow of air-water admixture without 
the air in ft 

This fictitious depth of flow 13 is the depth of water without eir en- 
trainment. The grobable maximum amount of air entrainment for the discharge 
$ and actual velocity v is given by 

volume of air in air-water admixture where m = 
volwne of water in zir-water admixture 

v = actual velocity of water in ft/sec 
g = acceleration due to gravity--32.16 ft/sec2 

The actual depth of flow da of the air-water admixture is 

where p = volume of air-water admixture per cubic foot of water in ft3 

The theory of water-surface profiles for flat-grade channels as found 
in the Engineering Handbook, Section 5, Hydraulics, Supplement A, should not 
be used for steep slopes. Flow on steep grades presents a distinctly differ- 
ent problem from flow on flat grades and should be so treated. The major 
rkasons the theory of open-channel flow on steep sloped channels is dif- 
ferent from that on flat-graae channels are: 

'~umensk~, D. B., Air Entrained in Fast Water Affects Design of Train- 
ing Walls and Stilling Basins, Civil Engineering, page 35, Dec. 1949. 



a. In the theory of flow on flat-grade channels, the assump- 
tion is made that the pressure below the surface is the product of the 
density and vertical depth. Actually, the pressure is a function of the 
slope as well. 

b. The depth of flow for channels of flat slopes is taken to 
be the vertical depth of flow. The depth of flow for steep channels is 
perpendicular to the bottom slope. 

c. Depths of flow in steep sloped channels need to be evalua- 
ted for water-air admixture because of air entrainment. 

d. It is assumed that the water surface in the steep channel 
has a level surface in cross section. Particular attention needs to be 
given to whether or not this assumption is valid--that is, no standing 
waves are present--whenever the modified differential equation of varied 
flow for steep channels is used to evaluate water-surface profiles. 

e. The assumption is tacitly made that the horizontal length 
of a flat-grade channel is equal to its true length. Channels of steep 
grades invalidate this assumption. 

Water-surface profiles for accelerated supercritical flow in rec- 
tangular channels having a slope of 3 to 1 are given by ES-78, page 2.148 
to 2.3-57. The probable maximum air entrainment p is also given in these 
drawings. Similar diagrams for channels having 4 to 1 and 10 to 1 slopes 
are given by ES-78, pages 2.158 to 2.177. 

ES-147 gives water-surface profiles for 100 foot wide rectangular chan- 
nels with slopes of 3 to 1, 4 to 1, and 10 to 1, pages 2.178 through 
2.183. Since the influence of sidewall friction decreases with width, 
these drawings may be used with sufficient accuracy for all widths 
greater than about 50 feet. 

Capacity. Since the actual depth of flow of the air-water admixture 
da in steep channels decreases only slightly for low discharges q after a 
vertical drop of 8 ft, the capacity without freeboard qmc of the channel 
is taken as the capacity without freeboard qmN of the vertical-curve sec- 
tion at section N. The capacity without freeboard qmc for channels can 
be read from the table on page 2.186 of ES-84. The capacity without free- 
board Qmc may be read from ES-84, page 2.187. 





having o 3 io I  s lope  ond W =  0 ft. 

Values of d and p are read f rom 
sheet l l  



CHUTE SPILLWAYS:  WATER - S U R F A C E  P R O F I L E S  ; 
Definition of symbols. 

D E F I N I T I O N  OF SlIMBOLS 

= Fictitious depth of flow, assuming no air entrainment, in a chan- 
nel of slope as designated by the charts at a section located 
such that its bottom is a vertical distance of y ft below the 
bottom of the section at which critical depth occurs in ft 

= Actual depth of flow normal to channel bottom in the section at 
which d is evaluated in ft 

= Critical depth corresponding to the discharge Q in ft 
= Vertical drop from the bottom of the control section (at which 

critical depth occurs) to the channel bottom at the section 
where d is evaluated when the channel bottom has a slope as 
designated by the charts in ft 

= Horizontal distance of a channel having a bottom of slope as 
designated by the charts from the control section to the sec- 
tion at which d is evaluated in ft 

= Width of steep channel in ft 
= Volume of air-water admixture per cubic foot of water in ft3 
= Actual velocity of water in channel of slope as designated by the 

charts at the section where d is evaluated in ft/sec 
= Acceleration due to gravity--32.2 ft/sec2 
= Discharge for which water-surface profile is determined in c-fs 

Qc,d = critical discharge corresponding to the depth d in cfs 
Qn,d = Normal discharge corresponding to the depth d in cfs. Qn,d is 

1.486 ar2/3 1/2 evaluated by the formula Qn, d = - 
n 0 

= Discharge per foot width for which water-surface profile is de- 
termined in cfs/ft 

= Angle the channel bottom makes with a horizontal plane = tanmlso 
= Slope of bottom of channel in ft/ft 
= Manning's coefficient of roughness 
= Channel area corresponding to the depth d in ft2 
= Hydraulic radius corresponding to the depth d in ft 

I DATE 1-20-55 - 

REFERENCE 
U. S. DEPARTMENT OF AGRICWLlUE 
SOIL CONSERVATION SERVICE 

ENGMEERING DMSION- DESIGN SECTION 

STANDARD DWG. NO. 

ES- 78 
SHEET 2 OF 35 



-- -- I CHUTE SPILLWAYS : WATER S U R F A C E  PROFILES ; Formulas. 

FOWLLAS AND VALUES 

Differential equation of varied flow for flow on steep slo$es 

So dx -- 
cos 0 dd 

Actual velocity of flow in channel 

Actual depth of flow is 

The air entrainment 
. -2 * 

The value of the roughness coefficient used in computing the water-surface profiles as given by 
sheets 6 to 35 is 

The depth of flow at the control section is assumed to be the critical depth dc corresponding to 
the discharge Q when Water-surface profiles are evaluated. The actual depth of flow at the con- 
trol section is dc when the slope of the channel immediately downstream from the control section 
is critical sc and can approach 0.713dc as the slope of the channel immediately downstream ap- 
proaches a fully aerated free overfall. The actual depth of flow at the control section d, has a 
value in the closed interval 0.715dc _< da 5 dc if no negative bed pressures exist in the reach 
immediately downstream from the control section. If negative bed pressures do exist the actual 
depth of flow at the control section may be greater or less than 0.715dc. The critical depth is 
used for evaluating water-surface profiles rather than any actual depth because of the curvilinear 
movement which exists at the control section. This curvilinear movement represents energy which 
is partially recoverable, either as depth of flow or kinetic energy, at a short distance down- 
stream from the control section, probably within the distance of x _< 2dc. Since no evaluation 
of curvilinear movement has been made in the derivation of the differential equation, the energy 
head of the actual depth of flow and of the curvilinear movement is taken to be dc at the con- 
trol section. It is because of this curvilinear movement that no attempt is made to define 
water-surface profiles for vertical drops less than one foot (y < 1.0 ft). Furthermore, for the 
high values of q's shown by the diagrams, the corresponding d's are undoubtedly greater than the 
true depth of flow when the value of y is small. The derivation of the differential equation is 
based on the assumptions that uniform velocities and discharges occur at all cross sections; i.e., 
no standing waves occur. Corrections have been made in the derivation to measure depth of flow 
perpendicular to the slope and to account for the effect of the steep slope on the hydrostatic 
head. These diagrams are to be used for accelerated supercritical flows in rectangular 
channels having the designated slope. Interpolated values for other widths and slopes than those 
shown can generally be used. Values of y or d may be evaluated by extrapolation when so is in 
the interval 0.333 < so _< 0.5. 

jt Gumensky, D. B., Air Entrained in Fast Water Affects Design of Training Walls and Stilling 
Basins, Civil Engineering, p. 35, December 1943. 
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1 CHUTE SPILLWAYS : WATER SURFACE-PROFILES ; Examples 

EXAMPLE 1 

Given: A chute channel with a width of 10 ft (W = 10 ft) and a discharge of 200 cfs nas a depth of 
flow without air entrainment of 1.0 ft at section 1 (dl = 1.0 ft). The slope of the channel down- 
stream from section 1 is 3 to 1. Good velocity and discharge distribution exist at section 1. l -  

Determine: 1. The velocity of air-water admixture at section 2 which is 20 ft vertically downstream 
from section 1. 

2. The air entrainment factor p of the air-water admixture at section 2. 
7 .  The depth of flow of air-water admixture at section 2. 

I Solution: The slope upstream from section 1 is not given nor is it relevant to the solution of this 
example. The vertical drop y given by ES-78 is related to the control section as a datum for a 
rectangular prismatic channel of a constant slope so and constant q. Whenever a depth of flow is 
given at an unlocated section, as in this example, and the downstream slope to section 2 is con- 
stant and known, it becomes necessary to locate section 1 with respect to the common datum Eor the 

, known slope and q to determine the location of section 2 with respect to the datum. 

la. Section 1 is located at a vertical distance of y, = 3.92 ft downstream from the con- 
trol section when the channel has a 3 to 1 slope. This value yl = 3.92 ft is read at the inter- 
section of q = Q/W = 200/10 = 20 cfs/ft and d = 1.0 ft, 

lb. The location of section 2 is known to be 20 ft vertically downstream from section 1 
or 20 + 5-92 = 23.92 ft vertically downstream from the control section if the channel slope is 
3 to 1 and q = 20 cfs/ft. The depth of flow without air entrainment at section 2 is (see sheet 11) 
read at the intersection of q = 20 cfs/ft and y = 23.92 ft as 

lc. The velocity of the air-water admixture at section 2 is 

2. The air entrainment factor p at section 2 is read on sheetllat y, = 23.92 ft 
q = 20 cfs/ft as 

p, = 1.42 

3. The depth of air-water admixture at section 2 is 

d, = p2dZ = 1.42 x 0.53 = 0.752 ft 

I EXAMPLF. 2 

METHOD OF INTERPOLATING FOR VALUES OF 
(A) Y 
(B) d 

WHEN WIDTH W AND SLOPE so ARE NOT GIVEN BY CHART 

Given: A chute channel having a width of 20 ft and a depth of flow without air entrainment d = 1.0 ft 
7 section I. The channel is discharging q = 40 cfs/ft and has a bottom slope of 3 + 3  to 1 or 

so = o .2857. 
Determine: The depth of flow without air entrainment at section 2 located 18 ft vertically downstream 

from section 1. 

Solution: The charts of ES-78 are similar and nearly identical for various widths and slopes. 
A. When widths W of channels are to be considered for which no chart value is given, interpolated 

values of y may be used for a given slope. 
A.1. The interpolated value of y for width W = 20 ft and slope 3 to 1 is obtained in the follow- 

ing manner. 
la. From sheet 13 (W = 13 ft) at the intersection of q = 40 cfs/ft and d = 1.0 ft read the 

value 

lb. From sheet 13 (W = 30 ft) at the intersection of g = 40 cfs/ft and d = 1.0 ft read the 
value 

yAlb = 22.1 It 

I lc. The interpolated value of y for W = 20 ft and so = 0.333 at q = 40 cfs/ft and d = 1.0 ft i 

I (Concluded on Sheet 5 )  

REFERENCE.  

U. S. DEPARTMENT OF AGRICULTURE 
SOIL CONSERVATION SERVICE 

ENGINEERING DIVISION- DESIGN SECTION 

STANDARD DWG NO 

ES-78 
SHEET 4 OF 35 



CHUTE SPILLWAYS : WATER SURFACE PROFILES; Examples 

(cont inuat ion from Sheet 4) 

A.2. The in te rpo la ted  value of y  f o r  width W = 20 f t  and slope 4 t o  1 i s  s i m i l a r l y  
obtained. 

2a. From sheet  23 ( W  = 15 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and d  = 1.0 ft 
read t h e  value 

Y A ~ ~  = 23.0 f t  

2b. From sheet 25 (W = 30 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and d  = 1.0 f t  
read t h e  value 

y u b  = 22.7 ft 

2c. The in te rpo la ted  value of YASc f o r  w = 20 f t  and so  = 0.25 a t  q = 40 c f s / f t  and 
d  = 1.0  f t  i s  

A.3. The in te rpo la ted  value of y, f o r  W = 20 f t  and slope 3.5 t o  1 a t  q = 40 c f s / f t  
and d  = 1.0 f t  i s  

B. When widths W of channels a r e  t o  be considered f o r  which no char t  value i s  given, in -  
t e rpo la ted  values of d  may be used f o r  a  given slope. 

B . l .  The in te rpo la ted  value of d f o r  width W = 20 f t  and s lope 3 t o  1 i s  obtained i n  
t h e  following manner. 

l a .  From sheet 1 3  ( W  = 15 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y2 = 18 + yl 
= 40.6 f t  read t h e  value 

dgla = 0.805 f t  

b From sheet  15 ( W  = 30 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y, = 40.6 ft 
read the  value 

dBlb = 0.800 f t  

l c .  The in te rpo la ted  value of d f o r  W = 20 f t  and so  = 0.3333 a t  q = 40 c f s / f t  and 
y, = 40.6 f t  i s  

B.2. The in te rpo la ted  value of d  f o r  width W = 20 f t  and slope 4 t o  1 i s  s imi la r ly  
obtained. 

2a. From sheet 23 (W = 1 5  f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y, = 40.6 f t  
read t h e  value 

dB2, = 0 ~826 f t  

2b. From sheet 25 (W = 30 f t )  a t  t h e  i n t e r s e c t i o n  of q = 40 c f s / f t  and y2 = 40.6 f t  
read t h e  value 

dBPb = O .818 f  t 

2c. The in te rpo la ted  value of dggc f o r  W = 20 f t  and s o  = 0.25 a t  q = 40 c f s / f t  and 
y2 = 40.6 f t  is  

B.3. The in te rpo la ted  value of d, f o r  W = 20 f t  a n t  slope 3.5 t o  I a t  q = 40 c f s / f t  and 
y, = 40.6 f t  i s  
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I CHUTE SPILLWAYS: CHANNELS 
Layout  
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CHUTE SPILLWAYS: CHANNELS; Definition of symbols 
and Formulas 

Capacities of 
Channel Sections 

4.00 

"Values of qngt are for values of 3 = 8 ft 
values of ;4 see table 2, ES-88. 
tValues are for channels of 3 to 1 slope. 

DEFINITION OF SYMBOLS 

= Height ndrmal to slope so of side- 
wall of channel in ft 

= Vertical drop from crest of inlet 
to floor of outlet in ft 

- Vertical distance from crest of 
mlet to top of floor at en- 
trance of vertical curve section 
in ft. T1,is is zero for straight 
inlets 

: Vertical distance from upstream end 
to downstream end of channel 
in ft 

= Height of sidewalls of SAF above 
floor in ft 

= Vertical drop of vertical curve 
section in ft 

= Width of vertical curve section 
in ft 

= Number of channel sections required 
= ~an-l so 
= Slope of floor of channel in ft/ft 
= Design discharge in cfs 

For other 

FORMULAS 

F = Z + N c o s e - ( J + & + D )  

- (1.20 + 0.003 z) Q~ Qfr - 

9m = qmc 

9fr = Required capacity without freeboard 
in cfs 

qmC = Capacity per foot width of channel 
without freeboard in cfs/ft 

I ENGINEERING DIVISION - DESIGN SECTION I SHEET 2 OF 4 
DATE March 1954 

Revised lo/ 77 

STANDARD DWG. NO. 
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CHUTE SPILLWAY: CHANNEL: Example 
. .- -. . . . 

EXAMPLE 

Given: A chute of width, W = 10 f t ,  has a design dischargr ,  Qr = 360 cfs, and a 7 t o  1 slope.  The chute - 
has a v e r t i c a l  drop from the  c r e s t  of t h c  s t r a i g h t  i n l e t  t o  the  f l o o r  of the  o u t l e t  of Z = 47 f t .  Tne 
v e r t i c a l  curve sec t ion  has a v e r t i c a l  b o p  of 3 = 8 f t  and the  SAF c u t l e t  has t h e  dimension J = 15 f z .  
The i n l e t  w i l l  r equ i re  no freeboard a s  a r e s u l t  of waves. 

Determine: 1. The recommended required capaci ty of the  chute: ( i )  Qfr; ( i l )  qfr 
2 .  The required height of ti$.- s idewalls ,  N ,  of t h e  channel 
3.  The v e r t i c a l  drop, F, r e q d r e d  f o r  t h e  channel 
4.  The number of j o i n t s  i n  t h e  channel i f  they a r e  spaced l e s s  than o r  e q u ~ l  t o  9.5 f t  

( v e r t i c a l l y )  a p a r t  
5 .  The ve loc i ty  and depth o f  flow with a i r  en.trai.nmant and without a i r  entrainment a t  the  end 

of the  channel s e c t i o n  f o r  t h e  discharge Qfr 

Solut ion:  1. The recommended required capaci ty of t h e  chute is  

'ci) gfr = (1.20 + 0.003 z )  Q~ 

Qfr  = p . ? 0  + 0.003 (47)] 380 

Q~~ = 509.6 c f s  

2 .  ( a )  The required height  of the  s idewalls  of t h e  channel mav be read f r o m  t h e  t a b l e  On 
shee t  2 a s  

N = 2.50 f t  

(b) The required height  of t h e  s idewalls  of t h e  channel may a l s o  be read on sheet  5 a t  the  
jn te r sec t ion  of Q f r  = 309.6 c f s  and W = 10 f t  a s  

N = 2.50 f t  

3.  The vertical drop of the  charnel  i s  given by t h e  formula ( D  = 0 )  

F - z + N cos a - ( J  + a )  
F = 47 + 2.57 - (15 + 8) 

F = 26.37 f t  

Values of N cos e when e = tan-' 0.33333 a r e  given in t h e  t a b l e  on shce t  2.  

Three j0lnt.s a r e  r equ i red .  

5 .  The downstream end of t h e  channel i s  loca ted  a v e r t i c a l  d i s t ance  o f & +  F o r  
8 + 26.37 = 34.37 f t  below the  f l o o r  of the  i n l e t .  Read on ES-78 the  i n t e r s e c t i o n  of 
q = 50,96 cfs and y = 5k.j.i  f t  t h e  values 

d - 1 . 6 6  f t  

P = 1.33 

The veloci ty,  v, of the  air-water  admixture i s  

The depth of water without a i r  entrainment i s  

The depth of a i r -wa te r  admixture, rl,, i s  

aa = p d - ( l . j j ) ( 1 . 0 6 6 ]  = 1.42 f t  

- - . . - 
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The criteria for the dimensions of the SAF outlet were developed by 
Fred W .  lai is dell', Hydraulic Engineer, SCS, St. Anthony Falls Hydraulic 
Laboratory. These criteria are given as design formulas in ES-73, page 
2.193, and ES-86, page 2.198. (see ES-'73, page 2.193, for nomenclature. ) 

Function of SAF Outlet. The function of the SAF outlet is to convert, 
for all discharges equal to or less than the design discharge, supercritical 
velocities to subcritical velocities in a manner which will be nonerosive in 
erosible channels. Obviously, certain criteria will be required of the chan- 
nels downstream from the outlet for its proper functioning. These require- 
ments will be presented later. 

Freeboard. The SAF outlet functions well for all discharges less than 
its capacity without freeboard. It will generally function quite well for 
greater discharges for short periods of flw. The freeboard reconrmended for 
SAF outlets is expressed in terms of the increased discharge fr. (see Eq. 
2.1, page 2.7.) The recommended required capacity of the SAF outlet without 
freeboard is Qf, as defined by Eq. 2.2, page 2.7. 

Hydraulic Criteria. The criteria for the SAF outlet are eqressed by a 
graph having the coordinates vl and d,. (See ES-73.) These criteria are 
applicable for a range of Froude's numbers from 3 to 300. The coordinate dl 
(entrance depth) is the fictitious depth of flow d as given by ES-78 and 
ES-86. As given by ES-78, the value of y is the vertical distance between 
the floors of the inlet and outlet of a chute spillway having a 3 to 1 slope. 
The depth of d, for chutes having bottom slopes other than 3 to 1, 4 to 1, 
and 10 to 1 m y  be calculated by the general differential equation given in 
ES-78, page 2.145 or interpolated using the diagrams of ES-78. The effect 
of air entrainment can be neglected in the design of SAF outlet. The coor- 
dinate vl is the entrance velocity as determined by ES-78 and the equation 

Knowing dl and vl make it possible to determine $ and J from sheet 2 of 
ES-73. For Froudets numbers less than 20, the crest of the boil occurs in 
the stilling basin. For higher Froude's numbers, the crest occurs downstream 
from the endsill. The height J of the stilling basin sidewalls is sufficient 
to keep most splash in the basin. This height is not excessive in most cases 

The wingwalls can be used as retaining walls for earth. Their prime 
function, however, is to prevent eddies along each side of the downstream 
channel which would cause excessive scour. Wingwalls can be set parallel or 
perpendicular to the sidewalls if necessary, but the 45O angle with the chute 
axis is the preferred location in terms of hydraulic functioning. 

Knowing d, and vl make it possible to determine the dimensions of the 
endsill s and the required tailwater height $. The endsill is used to 

'~laisdell, Fred W., Development and Hydraulic Design, Saint Anthony 
Falls Stilling Basin, Trans. ASCE, Vol. 113, p. 483, 1948. 



d e f l e c t  t h e  bottom c u r r e n t s  i n  t h e  f l o o r  of t h e  bas in  upward and o f f  of t h e  
s t ream 'bed. It i s  a l s o  used t o  defl-ect t h e  bottom c u r r e n t s  of t h e  r o l l e r ,  
which a r e  i n  an ugs t reLm d i r e c t i o n ,  upward. This r o l l e r  b r ings  bed m a t e r i a l  
from downstream and. depos i t s  it agarinst t h e  e n d s i l l .  Because of t h i s ,  a toe -  
w a l l  of only nominal depth i s  r equ i r ed .  The c r i . t e r i o n  of t a i l w a t e r  depth d; 
i s  a  minimum requirement f o r  t h e  SRF out,.let t o  funct,ion proper ly .  When t h e  
t a i l w a t e r  depth i s  t o o  low, t h e  r o l l e r  i s  forced  away from t h e  e n d s i l l  of 
t h e  o u t l e t .  When t,he t a i l w a t e r  i s  t o o  g rea t ,  the t a i l w a t e r  w i l l  flow i n  an 
eddy xpstream along t h e  sidewal..ls t o  r e - en te r  .the s t i l l i n g  bas in  and t h e  out-  
l e t  w i l l  not  func t ion  proper ly .  For those  s i t u a t i o n s  i n  which t h e  tailwa-ter 
can f l u c t u a t e  i n  depth f o r  a  d i scharge  equal  t o  t h e  requi-red capac i ty  without  
f reeboard,  t h e  minimum t a i l w s t e r  depth w i l l  determine t h e  e l e v a t i o n  of t h e  
e n d s i l l .  (See below. The stdewtill  he ight  J should. be Increased  i n  amount 
equal  t o  t h e  d i f f e r e n c e  between t h e  l ~ ! a x i l n ~  and minimum t a i l w a t e r  depths 
which may be  expected f o r  a  discha.rge equ.al t o  t h e  r equ i r ed  capac l ty  with-  
out f reeboard .  The SLW o u t l e t  w i l l  ope ra t e  s a t i s f a c t o r i l y  f o r  g r e a t e r  t a i l -  
water  depths t han  t h e  d; provided t k ~ e  s idewa l l  height,s a r e  s u f f i c i e n t l y  
g r e a t  t o  prevent  re -en t rance  of the  t s i l w a t e r  over t h e  t o p  of t h e  s idewa l l s  
i n t o  t h e  b a s i n .  The t a i l w a t e r  e l e v a t i o n  a t  the e n d s i l l  car, be  determined by 
computing t h e  water-sur:faee p r o f i l e  f  rorn a poin t  s u f f i c i e n t l y  f a r  downstream 
from t h e  e n d s i l l  f o r  a discha.r@e eq.ua.1 t o  the discharge Qfr. (See Engineer- 
ing  Handbook, Sec t ion  5 ,  Hydraul ics .  ) The flow i n  t h i s  reg ion  i s  s u b c r i t i c a l ;  
t he re fo re ,  t hese  c a l c u l a t i o n s  a r e  made i n  an upstream d i r e c t i o n .  The SAF 
o u t l e t  w i l l  no t  prevec t  e ros ion  in, t h e  channel downstream from t h e  SAF i f  t h e  
channel i s  scouring.  When a scouring condi t ion  e x i s t s ,  it should be r e a l i z e d  
t h a t  t h e  ta i lwa . te r  e l e v a t i o n  w i l l  be lowered a f t e r  a pe r iod  of t ime because 
t h e  channel bottom i s  lowered as a r e s u l t  of e ros ion .  Scouring can be con- 
t r o l l e d  by a g rad ien t  c o n t r o l  s t r u c t u r e  downstream from t h e  SAF o u t l e t .  The 
minimum requ i r ed  t a i l w a t e r  e l e v a t i o n  i n  terms of depth above t h e  SAF f l o o r  
can be a t t a i n e d  i n  one of two ways: 

1. Proper determinat ion of t h e  e l eva t ion  of t h e  SAF o u t l e t  f l o o r  
wi th  r e spec t  t o  the norierosive channel bottom. 

2 .  Construct ion of a, s t ruc tu . r e  down.strea.mn from t h e  SAF o u t l e t  t o  
f i x  t h e  t a i l w a t e r  e l e v a t i o n ,  

The c r - i t e r i a  f o r  chute  and f l o o r  blocks and t h e i r  placement a r e  given 
on shee t  1 of ES-75. P i t t m g  of concre te  due t o  c a v i t a t i o n  w i l l  occur a t  
t h e  f l o o r  and chute b locks  when t h e  e n t r ~ n c e  v e l o c i t y  vl i s  greaLer than  
65 f t / s ec . '  When such a condi t ion  occurs,  t hese  blocks can be designed of 
a shape t o  e l imina te  c a v i t a t i o n ,  The purpose of t h e s e  blocks i s  t o  remove 
energy from t h e  water  and he lp  c r e a t e  turbulence  t o  e f f e c t i v e l y  cause energy 
d i s s i p a t i o n .  

The bas in  having d iverg ing  s idewa l l s  appears t o  be s l i g h t l y  more e f f e t -  
t i v e  t han  t h e  b a s i n  wi th  p a r a l l e l  s idewa l l s .  

A l l  odd dimensions r ead  from ES-73 shoulci be increased  t o  t h e  next  even 
number t o  s imp l i fy  construct i .on.  

'~homas, 11. A,, and Hoplrins, C a v i t t ~ t i o n  on Baf f l e  P i e r s ,  Proceedings 
of -:he Second Hydraulic Conference, Iowa, June 1942. 



ES-86, page 2.202, g ives  the  capacity without freeboard b, of  SAF out-  
lets f o r  various values of dl, J, and LB. For a given required capaci ty  
without freeboard, a seudy of ES-78 and ES-86 w i l l  show an increase i n  the  
width of the chute w i l l .  decrease bo, dl, J, and LB. The corresponding 
values f o r  required t a i lwa te r  depth d$ md height of e n d s i l l  s i s  given on 
page 2.203. These values are a l so  l i s t e d  i n  tabular  form on pages 2.199 t o  
2.201. 





I HYDRAULIC DESIGN CRITERIA AND CHARTS FOR SAF STILLING BASlN 

DETAILS OF LAYOUT FOR FLOOR AND CHUTE B L O C S  

I .  HEIGHT OF FLOOR AND CHUTE BLOCKS IS dl 

2. WlDTH AND SPACING OF FLOOR AND CHUTE BLOCKS 
APPROXIMATELY 3d' 

4 

. - - - - - - - 3. NO FLOOR BLOCK SHOULD BE PLACED CLOSER TO 

RECTANGULAR S T I L L I N G  B A S I N  SIDEWALL THAN 3d 
(HALF-PLAN) mn 

8 
t 4 .  FLOOR BLOCKS OCCUPY BETWEEN 4 0  AND 55 PERCENT 
t- 3 OF S T I L L I N G  BASIN WIDTH AT BLOCKS 

5.  CHUTE BLOCKS TO B E  STAGGERED WITH FLOOR BLOCKS 
h 

sw n 4.1 6. A PORTION OF A CHUTE BLOCK OR A WHOLE CHUTE BLOCK 

\ I MAY BE ADJACENT TO A S IDEWALL 

7. SPACE BETWEEN SIDEWALL AND FIRST CHUTE BLOCK 
IS NOT TO BE GREATER THAN APPROXIMATELY ?.!?!L 

4 
8. BLOCKS ARE TO BE SYMMETRICAL ABOUT STILLING BASIN 

T R A P E Z O I D A L  S T I L L I N G  CENTER LINE 

B A S I N  (HALF- PLAN) 

- -- 

CHUTE BLOCKSA'.'.'.' . "V ..: '7 ' : 
FLOOR OF BASIN 

S E C T I O N  A L O N G  C E N T E R  L I N E  

DESIGN FORMULAS 

3 5  F; 5 300 

DEFINITION OF SYMBOLS 

F; = FROUDE'S NUMBERS& (D~MENSIONLESS NUMBER) 
S d, 

v ,  = ENTRANCE VELOCITY OF WATER TO S A F  STILLING BASlN - F T  /SEC. 

d, = ENTRANCE DEPTH OF WATER TO S A F  S T I L L I N G  B A S I N -  F E E T  

L8= LENGTH OF S A F  STILL ING B A S I N -  FEET 

J = HEIGHT OF SIDEWALLS OF S A F  S T I L L I N G  BASIN-  F E E T  

s = HEIGHT OF TRANSVERSE END S I L L  OF $ A F  S T I L L I N G  BASIN-FEET 

dd = REQUIRED HEIGHT OF TAILWATER OVER S A F  S T I L L I N G  B A S l N  -FEET 

dz = SEQUENT DEPTH OF FLOW TO DEPTH dl - FEET 

g = ACCELERATION DUE TO GRAVITY - 32 16 FT./sEc.' 

W, = WlDTH OF SAF STILLING BASlN AT DOWNSTREAM END OF CHUTE BLOCKS-FEET 

W2 = WlDTH OFSAF STILLING BASIN AT UPSTREAM END OF FLOOR BLOCKS-FEET 

W3 = WlDTH OF S A F  S T I L L I N G  BASlN AT DOWNSTREAM END- FEET 

Z = DIVERGENCE OF SIDEWALL ( R A T I O )  

REFERENCE 

Bloisdell. F.W. "Development ond Hydraulic 
Design. Soint Anthony Falls Stilling Bosin'.' 
(SAF Stilling Basin) 
Tr0ns.A S C E 113 P, 483-561;1948 

U. S. DEPARTMENT OF AGRICULTURE 

SOIL CONSERVATION SERVICE 

ENGINEERING DIVISION-DESIGN SECTION 

STANDARD DRAWING NO. 

- 
SHLET 1 OF 

~ T E  3-23-53 



HY DRAULlC DESIGN CRITERIA AND CHARTS 
FOR SAF STILLING BASIN 
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The General Layout  Drawing 

Numerical  va lues  shown 
a r e  suggested minimums. 

4 
ALTERNATE JOINT DETAIL HALF-PLAN 

LJ 

ISOMETRIC VIEW 

REFERENCE: 

Revised: 11-1-54 

NOTE - 
Hydraulic C r i t e r i a  and Formulas are  given 

b y  ES-73, or by sheets 2,6, and 7 o f  t h i s  
drowing. 

C a ~ a c i t i e s  for t h i s  s t r u c t u r e  a re  given on  
sheets 2 througn 7 of t h i s  drawing. 

The backfill will be l imited t o  one o f  the following 
heights, whichever is least :  

I .  Top o f  sidewall and wingwall. 
2. 3d ;  above the floor o f  t he  basin. 
3. 5 f e e t  above the f l o o r  o f  t he  basin. 

U. S. DEPARTMENT OF AGRICULTURE STANDARD WG' I SOIL CONSERVATION SERVICE I ES-86 
ENGINEERING DIVISION- DESIGN SECTION SHEET I OF SHEETS 

DATE 3-30-54 

Revised 



I CHUTE SPILLWAYS: SAF OUTLETS; 
Definition o f  symbols and Formulas 

v 
F, = Froude ' s  r i m L c r  1 at eritr:>ncc of  SAF bas113 (d imens ion les s  numbcr)  

~ 6 ,  
J = Height of s:idewnlls oi' SAF :ibovc f l o o r  i n  ft 
Lg = Length of SAF b a s i n  (incLudi.ng end sill) i n  f't 

dl = Height of f l o o r  m d  chu te  b l o c k s  a.bove fl.oor of SAF b a s i n  i n  f t  
dl Entrance  d e p t i ~  of  wa te r  wi thout  a i r  t o  SAF basin in f t  
s = Hei{:ht o f  t r a n s v e r s e  end sill above f l o o r  of S M  b a s i n  i n  inches  

d; = Required h e i g h t  of t a i l w x t e r  above f l o o r  of  SAF bas  i n  i n  f t  
d2 = Sequent depth  of f low t o  depth  d, i n  f t  
v, - Eritrancc v e l o c i t y  o f  wa te r  t o  SAF bnsin i n  f t / n e c  
W = Width of  SAF o u t l e t  i n  f t  

4, = Design discharge in c f s  

Q f r  = Recommended r equ i red  c a p a c i t y  wi thou t  f r e e b o a r d  of SAF o u t l e t  i n  c f s  
Qmo = Capac i ty  wi thou t  freeboard of SAF o u t l e t  i n  c f s  
Qso = Capaci ty  of  SAF o u t l e t  i.n c f s  

qr  = Design d i s c h a r g e  per f o o t  width  i n  c f ' s / f t  
q,, = Capac:ity wi thou t  f r e e b o a r d  of SAF o u t l e t  p e r  f o o t  width  in c f s / f t  
so = Slope of  bottom of  ck~arinel i n  the SAF o u t l e t  f t / f t  
N = P e r p e n d i c u l a r  h e i g h t  of' s i d e w a l l s  above ch:innel f l o o r  a t  ups t ream end of SAT 

o u t l e t  i n  f t  
g = A c c e l e r a t i o n  due t o  gravi ty--52.16 f t / s e c 2  

DESIGN FORMULAS 

j <F, S 3 O O  
vie 

1. F, = - 

The b a c k f i l l  w i l l  be l i m i t e d  t o  
one o f  t h e  fo l lowing  h e i g h t s ,  
whichever i s  l e a s t :  

1. Top of  s i d e w a l l  and wing- 
w a l l .  

2. $d; above t h e  f l o o r  of  
t h e  b a s i n ,  

3. 5 f e e t  above t h e  f l o o r  of 
t h e  basin. 

REFERENCE S T A N D A R D  DWG. NO. 
ti.S I_)EI'AKThlENT O F  AGRICULTURE 

SOIL CONSERVATION SERVJCE E S - 86 
ESGISEEKIXG DIVISIOK - DESIGN SECTIOS SHEET 2 OF 8 

D A T E  February 1951 

Revised 10177 
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34.836 
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CHUTE SPILLWAYS: SAF OUTLETS 
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2.202 

CHUTE S P I L L W A Y S :  S A F  O U T L E T S  J in f e e t  
Capacities without freeboard for various dimensions L,in fee t  

REFERENCE I 

I Blolsdel l ,  F W "Osualoprnsnt And Hydrouloc 
Deslon, S o ~ n t  Anthony Folls Sttllmp B o r l n "  

U 5 DEPARTMEN'T OF AGRICULTURE 

( S A F  s t ~ l l ~ n g  Baron) I SOIL CONSERVATION SERVICE 
1 Trans. A S  C E 113P. 4 8 3 - 5 6 1 . 1 9 4 8  I 

I T h o  dlogram w a s  developed by Poul  D Doubt, I ENGINEERING IIIVISION-DESIGN SECTION 
Engwearlng Deslpn S s c t ~ o n  

E S - 8 6  
SHEET 6 OF 

DATE 3 - 2 - 5 4  

Rcvised i 0 / 7 7  



CHUTE SPILLWAYS:  S A F  O U T L E T S  
T a i l w a t e r  requirment  a n d  e n d  sill h e i g h t .  I d; in  feeT 

s  in inches 

REFERENCE I J STANDARD D W G  NO 
Blalsdel l ,  F  W " ~ e v e l o p m e n t  And Hydroul~c IJ S DJFAIf lMENT OF ACRICU1,TURE 
Design. Samt Anthony Falls Sfllllng B o r l n "  
( S A F  s t ~ l l l n g  Baslnl  SOIL CONSERVATION SERVICE E S - 8 6  
Trans A S  C E I I 3P .  4 8 3 - 5 6 1 . 1 3 4 8  

ENGINEERING UIVISION-DESIGN SECTION 
SHEET , O F  ' 

Thlr dtagram wos developed by Poul 0 Doubt, 
Engneer lng  Design Sect lon DATF 2 - 2 5 - 5 4  



CHUTE SPILLWAYS: S A F  OUTLETS; Example 

I EXAMPLE 

Given: A chute having a s t r a i g h t  i n l e t ,  a bottom slope of  3 t o  1 and a v e r t i c a l  drop 
of  Z = 50 f t  from t h e  c r e s t  of  i n l e t  t o  t h e  f l o o r  of  t h e  o u t l e t .  The design d i s -  
charge i s  200 c f s  W = 8 ft 8 = 8 f t  

Determine: 1. 
2. 

3. 
4. 

Solut ion:  1. -- 

Required capac i ty  without f reeboard.  
The he igh t  o f  t h e  channel s idewal l s ,  N,  and en t rance  depth,  d l ,  of  
flow t o  SAF o u t l e t  without  a i r  entrainment. 
Dimensions of  SAF o u t l e t .  
Required depth o f  t a i l w a t e r .  

The requi red  capac i ty  without f reeboard,  Qfr, i s  

Q, = (1.20 + 0.003 2 )  Q, 

Qfr = l1.20 + (0.003)(50)] 200 = 270 c f s  

= &fr - 270 = qfr - 8 33-75 Cfs / f t  

The requi red  height  of channel  s idewal l s ,  N ,  i s  read  from t a b l e  3b of  
ES-88 as 

N = 2.00 f t  

The en t rance  depth of  flow without a i r  entrainment, d l ,  i s  obtained 
from ES-78. I n t e r p o l a t i o n  f o r  t h i s  depth between W = 6 and W = LO 
from s h e e t s  9 and 11 obta in  

dl  = 0.659 f t  

The dimensions of t h e  SAF may be read  from ES-73 o r  ES-86. 

a .  The dimensions of  t h e  SAF a s  given on sheet  6 of  ES-86 when 
q = 33.75 c f s / f t  and d l  = 0.659 f t  i s  

J = 11.5 f t ;  Lg = 7.5 f t  

The height  of t h e  end s i l l  a s  given on sheet  7 o f  ES-86 when 
q = 33.75 c f s / f t  and d l  = 0.659 f t  i s  

s = 8 inches 

Since t h e  va lue  o f  d l  i s  known, t h e  s i z e  and spacing of  f l o o r  and 
chute  blocks can be determined from shee t  1 of ES-73. 

b. The dimensions of t h e  SAF o u t l e t  may a l s o  be determined by ES-73. 
The en t rance  v e l o c i t y  t o  t h e  SAF o u t l e t  i s  determined by t h e  fo r -  
mula 

From shee t  2 of  ES-73 when vl = 51.2 f t / s e c  and d l  = 0.659 ft 
read  t h e  dimensions 

J = 11.5 f t ;  LB = 7.5 f t  

The he igh t  of t h e  end s i l l  i s  read from sheet  3 of ES-73 a s  s = 8 
inches 

The SAF o u t l e t  w i l l  not cause d i s s i p a t i o n  of  t h e  k i n e t i c  energy u n l e s s  
it has s u f f i c i e n t  t a i l w a t e r  height .  Serious e ros ion  w i l l  occur i n  t h e  
e r o d i b l e  channel downstream from t h e  SAF o u t l e t  whenever s u f f i c i e n t  
t a i l w a t e r  depth is  no t  p resen t .  The requi red  t a i l w a t e r  depth d l  may 
be read  from sheet  7 of ES-86 o r  sheet  3 of  ES-73. 

a; = 8.1 r t  

R'EFERENCE 
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I CHUTE SPILLWAYS: CHANNELS 
Layout  

ISOMETRIC VIEW 

Numerical values shown 
are suggested minimums. 

I 1 DATE April 1954 
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CHUTE SPILLWAYS: CHANNELS; Definition of symbols 
and Formulas 

Capacities of 
Channel Sections 

4.00 

"Values of qngt are for values of 3 = 8 ft 
values of ;4 see table 2, ES-88. 
tValues are for channels of 3 to 1 slope. 

DEFINITION OF SYMBOLS 

= Height ndrmal to slope so of side- 
wall of channel in ft 

= Vertical drop from crest of inlet 
to floor of outlet in ft 

- Vertical distance from crest of 
mlet to top of floor at en- 
trance of vertical curve section 
in ft. T1,is is zero for straight 
inlets 

: Vertical distance from upstream end 
to downstream end of channel 
in ft 

= Height of sidewalls of SAF above 
floor in ft 

= Vertical drop of vertical curve 
section in ft 

= Width of vertical curve section 
in ft 

= Number of channel sections required 
= ~an-l so 
= Slope of floor of channel in ft/ft 
= Design discharge in cfs 

For other 

FORMULAS 

F = Z + N c o s e - ( J + & + D )  

- (1.20 + 0.003 z) Q~ Qfr - 

9m = qmc 

9fr = Required capacity without freeboard 
in cfs 

qmC = Capacity per foot width of channel 
without freeboard in cfs/ft 

I ENGINEERING DIVISION - DESIGN SECTION I SHEET 2 OF 4 
DATE March 1954 

Revised lo/ 77 

STANDARD DWG. NO. 

E S - 8 4 
REFERENCE 

U.S. DEPARTMENT OF AGRICULTURE 
SOIL CONSERVATION SERVICE 



CHUTE SPILLWAYS: CHANNELS; Capacities Without Freeboard. 

EFERENCE U. S. DEPARTMENT OF AGRICULTURE DWG. 

SOIL CONSERVATION SERVICE ES- 84 
SHEET 3 OF * 

ENGINEERING DIVISION-DESIGN SECTION 

Revised 10/77 



CHUTE SPILLWAY: CHANNEL: Example 
. .- -. . . . 

EXAMPLE 

Given: A chute of width, W = 10 f t ,  has a design dischargr ,  Qr = 360 cfs, and a 7 t o  1 slope.  The chute - 
has a v e r t i c a l  drop from the  c r e s t  of t h c  s t r a i g h t  i n l e t  t o  the  f l o o r  of the  o u t l e t  of Z = 47 f t .  Tne 
v e r t i c a l  curve sec t ion  has a v e r t i c a l  b o p  of 3 = 8 f t  and the  SAF c u t l e t  has t h e  dimension J = 15 f z .  
The i n l e t  w i l l  r equ i re  no freeboard a s  a r e s u l t  of waves. 

Determine: 1. The recommended required capaci ty of the  chute: ( i )  Qfr; ( i l )  qfr 
2 .  The required height of ti$.- s idewalls ,  N ,  of t h e  channel 
3.  The v e r t i c a l  drop, F, r e q d r e d  f o r  t h e  channel 
4.  The number of j o i n t s  i n  t h e  channel i f  they a r e  spaced l e s s  than o r  e q u ~ l  t o  9.5 f t  

( v e r t i c a l l y )  a p a r t  
5 .  The ve loc i ty  and depth o f  flow with a i r  en.trai.nmant and without a i r  entrainment a t  the  end 

of the  channel s e c t i o n  f o r  t h e  discharge Qfr 

Solut ion:  1. The recommended required capaci ty of t h e  chute is  

'ci) gfr = (1.20 + 0.003 z )  Q~ 

Qfr  = p . ? 0  + 0.003 (47)] 380 

Q~~ = 509.6 c f s  

2 .  ( a )  The required height  of the  s idewalls  of t h e  channel mav be read f r o m  t h e  t a b l e  On 
shee t  2 a s  

N = 2.50 f t  

(b) The required height  of t h e  s idewalls  of t h e  channel may a l s o  be read on sheet  5 a t  the  
jn te r sec t ion  of Q f r  = 309.6 c f s  and W = 10 f t  a s  

N = 2.50 f t  

3.  The vertical drop of the  charnel  i s  given by t h e  formula ( D  = 0 )  

F - z + N cos a - ( J  + a )  
F = 47 + 2.57 - (15 + 8) 

F = 26.37 f t  

Values of N cos e when e = tan-' 0.33333 a r e  given in t h e  t a b l e  on shce t  2.  

Three j0lnt.s a r e  r equ i red .  

5 .  The downstream end of t h e  channel i s  loca ted  a v e r t i c a l  d i s t ance  o f & +  F o r  
8 + 26.37 = 34.37 f t  below the  f l o o r  of the  i n l e t .  Read on ES-78 the  i n t e r s e c t i o n  of 
q = 50,96 cfs and y = 5k.j.i  f t  t h e  values 

d - 1 . 6 6  f t  

P = 1.33 

The veloci ty,  v, of the  air-water  admixture i s  

The depth of water without a i r  entrainment i s  

The depth of a i r -wa te r  admixture, rl,, i s  

aa = p d - ( l . j j ) ( 1 . 0 6 6 ]  = 1.42 f t  

- - . . - 
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The criteria for the dimensions of the SAF outlet were developed by 
Fred W .  lai is dell', Hydraulic Engineer, SCS, St. Anthony Falls Hydraulic 
Laboratory. These criteria are given as design formulas in ES-73, page 
2.193, and ES-86, page 2.198. (see ES-'73, page 2.193, for nomenclature. ) 

Function of SAF Outlet. The function of the SAF outlet is to convert, 
for all discharges equal to or less than the design discharge, supercritical 
velocities to subcritical velocities in a manner which will be nonerosive in 
erosible channels. Obviously, certain criteria will be required of the chan- 
nels downstream from the outlet for its proper functioning. These require- 
ments will be presented later. 

Freeboard. The SAF outlet functions well for all discharges less than 
its capacity without freeboard. It will generally function quite well for 
greater discharges for short periods of flw. The freeboard reconrmended for 
SAF outlets is expressed in terms of the increased discharge fr. (see Eq. 
2.1, page 2.7.) The recommended required capacity of the SAF outlet without 
freeboard is Qf, as defined by Eq. 2.2, page 2.7. 

Hydraulic Criteria. The criteria for the SAF outlet are eqressed by a 
graph having the coordinates vl and d,. (See ES-73.) These criteria are 
applicable for a range of Froude's numbers from 3 to 300. The coordinate dl 
(entrance depth) is the fictitious depth of flow d as given by ES-78 and 
ES-86. As given by ES-78, the value of y is the vertical distance between 
the floors of the inlet and outlet of a chute spillway having a 3 to 1 slope. 
The depth of d, for chutes having bottom slopes other than 3 to 1, 4 to 1, 
and 10 to 1 may be calculated by the general differential equation given in 
ES-78, page 2.145 or interpolated using the diagrams of ES-78. The effect 
of air entrainment can be neglected in the design of SAF outlet. The coor- 
dinate vl is the entrance velocity as determined by ES-78 and the equation 

Knowing dl and vl make it possible to determine $ and J from sheet 2 of 
ES-73. For Froudets numbers less than 20, the crest of the boil occurs in 
the stilling basin. For higher Froude's numbers, the crest occurs downstream 
from the endsill. The height J of the stilling basin sidewalls is sufficient 
to keep most splash in the basin. This height is not excessive in most cases 

The wingwalls can be used as retaining walls for earth. Their prime 
function, however, is to prevent eddies along each side of the downstream 
channel which would cause excessive scour. Wingwalls can be set parallel or 
perpendicular to the sidewalls if necessary, but the 45O angle with the chute 
axis is the preferred location in terms of hydraulic functioning. 

Knowing d, and vl make it possible to determine the dimensions of the 
endsill s and the required tailwater height $. The endsill is used to 

'~laisdell, Fred W., Development and Hydraulic Design, Saint Anthony 
Falls Stilling Basin, Trans. ASCE, Vol. 113, p. 483, 1948. 



d e f l e c t  t h e  bottom c u r r e n t s  i n  t h e  f l o o r  of t h e  bas in  upward and o f f  of t h e  
s t ream 'bed. It i s  a l s o  used t o  defl-ect t h e  bottom c u r r e n t s  of t h e  r o l l e r ,  
which a r e  i n  an ugs t reLm d i r e c t i o n ,  upward. This r o l l e r  b r ings  bed m a t e r i a l  
from downstream and. depos i t s  it agarinst t h e  e n d s i l l .  Because of t h i s ,  a toe -  
w a l l  of only nominal depth i s  r equ i r ed .  The c r i . t e r i o n  of t a i l w a t e r  depth d; 
i s  a  minimum requirement f o r  t h e  SRF out,.let t o  funct,ion proper ly .  When t h e  
t a i l w a t e r  depth i s  t o o  low, t h e  r o l l e r  i s  forced  away from t h e  e n d s i l l  of 
t h e  o u t l e t .  When t,he t a i l w a t e r  i s  t o o  g rea t ,  the t a i l w a t e r  w i l l  flow i n  an 
eddy xpstream along t h e  sidewal..ls t o  r e - en te r  .the s t i l l i n g  bas in  and t h e  out-  
l e t  w i l l  not  func t ion  proper ly .  For those  s i t u a t i o n s  i n  which t h e  tailwa-ter 
can f l u c t u a t e  i n  depth f o r  a  d i scharge  equal  t o  t h e  requi-red capac i ty  without  
f reeboard,  t h e  minimum t a i l w s t e r  depth w i l l  determine t h e  e l e v a t i o n  of t h e  
e n d s i l l .  (See below. The stdewtill  he ight  J should. be Increased  i n  amount 
equal  t o  t h e  d i f f e r e n c e  between t h e  l ~ ! a x i l n ~  and minimum t a i l w a t e r  depths 
which may be  expected f o r  a  discha.rge equ.al t o  t h e  r equ i r ed  capac l ty  with-  
out f reeboard .  The SLW o u t l e t  w i l l  ope ra t e  s a t i s f a c t o r i l y  f o r  g r e a t e r  t a i l -  
water  depths t han  t h e  d; provided t k ~ e  s idewa l l  height,s a r e  s u f f i c i e n t l y  
g r e a t  t o  prevent  re -en t rance  of the  t s i l w a t e r  over t h e  t o p  of t h e  s idewa l l s  
i n t o  t h e  b a s i n .  The t a i l w a t e r  e l e v a t i o n  a t  the e n d s i l l  car, be  determined by 
computing t h e  water-sur:faee p r o f i l e  f  rorn a poin t  s u f f i c i e n t l y  f a r  downstream 
from t h e  e n d s i l l  f o r  a discha.r@e eq.ua.1 t o  the discharge Qfr. (See Engineer- 
ing  Handbook, Sec t ion  5 ,  Hydraul ics .  ) The flow i n  t h i s  reg ion  i s  s u b c r i t i c a l ;  
t he re fo re ,  t hese  c a l c u l a t i o n s  a r e  made i n  an upstream d i r e c t i o n .  The SAF 
o u t l e t  w i l l  no t  prevec t  e ros ion  in, t h e  channel downstream from t h e  SAF i f  t h e  
channel i s  scouring.  When a scouring condi t ion  e x i s t s ,  it should be r e a l i z e d  
t h a t  t h e  ta i lwa . te r  e l e v a t i o n  w i l l  be lowered a f t e r  a pe r iod  of t ime because 
t h e  channel bottom i s  lowered as a r e s u l t  of e ros ion .  Scouring can be con- 
t r o l l e d  by a g rad ien t  c o n t r o l  s t r u c t u r e  downstream from t h e  SAF o u t l e t .  The 
minimum requ i r ed  t a i l w a t e r  e l e v a t i o n  i n  terms of depth above t h e  SAF f l o o r  
can be a t t a i n e d  i n  one of two ways: 

1. Proper determinat ion of t h e  e l eva t ion  of t h e  SAF o u t l e t  f l o o r  
wi th  r e spec t  t o  the norierosive channel bottom. 

2 .  Construct ion of a, s t ruc tu . r e  down.strea.mn from t h e  SAF o u t l e t  t o  
f i x  t h e  t a i l w a t e r  e l e v a t i o n ,  

The c r - i t e r i a  f o r  chute  and f l o o r  blocks and t h e i r  placement a r e  given 
on shee t  1 of ES-75. P i t t m g  of concre te  due t o  c a v i t a t i o n  w i l l  occur a t  
t h e  f l o o r  and chute b locks  when t h e  e n t r ~ n c e  v e l o c i t y  vl i s  greaLer than  
65 f t / s ec . '  When such a condi t ion  occurs,  t hese  blocks can be designed of 
a shape t o  e l imina te  c a v i t a t i o n ,  The purpose of t h e s e  blocks i s  t o  remove 
energy from t h e  water  and he lp  c r e a t e  turbulence  t o  e f f e c t i v e l y  cause energy 
d i s s i p a t i o n .  

The bas in  having d iverg ing  s idewa l l s  appears t o  be s l i g h t l y  more e f f e t -  
t i v e  t han  t h e  b a s i n  wi th  p a r a l l e l  s idewa l l s .  

A l l  odd dimensions r ead  from ES-73 shoulci be increased  t o  t h e  next  even 
number t o  s imp l i fy  construct i .on.  

'~homas, 11. A , ,  and Hoplrins, C a v i t t ~ t i o n  on Baf f l e  P i e r s ,  Proceedings 
of -:he Second Hydraulic Conference, Iowa, June 1942. 



ES-86, page 2.202, g ives  the  capacity without freeboard b, of  SAF out-  
lets f o r  various values of dl, J, and LB. For a given required capaci ty  
without freeboard, a seudy of ES-78 and ES-86 w i l l  show an increase i n  the  
width of the chute w i l l .  decrease bo, dl, J, and LB. The corresponding 
values f o r  required t a i lwa te r  depth d$ md height of e n d s i l l  s i s  given on 
page 2.203. These values are a l so  l i s t e d  i n  tabular  form on pages 2.199 t o  
2.201. 





I HYDRAULIC DESIGN CRITERIA AND CHARTS FOR SAF STILLING BASlN 

DETAILS OF LAYOUT FOR FLOOR AND CHUTE B L O C S  

I .  HEIGHT OF FLOOR AND CHUTE BLOCKS IS dl 

2. WlDTH AND SPACING OF FLOOR AND CHUTE BLOCKS 
APPROXIMATELY 3d' 

4 

. - - - - - - - 3. NO FLOOR BLOCK SHOULD BE PLACED CLOSER TO 

RECTANGULAR S T I L L I N G  B A S I N  SIDEWALL THAN 3d 
(HALF-PLAN) mn 

8 
t 4 .  FLOOR BLOCKS OCCUPY BETWEEN 4 0  AND 55 PERCENT 
t- 3 OF S T I L L I N G  BASIN WIDTH AT BLOCKS 

5.  CHUTE BLOCKS TO B E  STAGGERED WITH FLOOR BLOCKS 
h 

sw n 4.1 6. A PORTION OF A CHUTE BLOCK OR A WHOLE CHUTE BLOCK 

\ I MAY BE ADJACENT TO A S IDEWALL 

7. SPACE BETWEEN SIDEWALL AND FIRST CHUTE BLOCK 
IS NOT TO BE GREATER THAN APPROXIMATELY ?.!?!L 

4 
8. BLOCKS ARE TO BE SYMMETRICAL ABOUT STILLING BASIN 

T R A P E Z O I D A L  S T I L L I N G  CENTER LINE 

B A S I N  (HALF- PLAN) 

- -- 

CHUTE BLOCKSA'.'.'.' . "V ..: '7 ' : 
FLOOR OF BASIN 

S E C T I O N  A L O N G  C E N T E R  L I N E  

DESIGN FORMULAS 

3 5  F; 5 300 

DEFINITION OF SYMBOLS 

F; = FROUDE'S NUMBERS& (D~MENSIONLESS NUMBER) 
S d, 

v ,  = ENTRANCE VELOCITY OF WATER TO S A F  STILLING BASlN - F T  /SEC. 

d, = ENTRANCE DEPTH OF WATER TO S A F  S T I L L I N G  B A S I N -  F E E T  

L8= LENGTH OF S A F  STILL ING B A S I N -  FEET 

J = HEIGHT OF SIDEWALLS OF S A F  S T I L L I N G  BASIN-  F E E T  

s = HEIGHT OF TRANSVERSE END S I L L  OF $ A F  S T I L L I N G  BASIN-FEET 

dd = REQUIRED HEIGHT OF TAILWATER OVER S A F  S T I L L I N G  B A S l N  -FEET 

dz = SEQUENT DEPTH OF FLOW TO DEPTH dl - FEET 

g = ACCELERATION DUE TO GRAVITY - 32 16 FT./sEc.' 

W, = WlDTH OF SAF STILLING BASlN AT DOWNSTREAM END OF CHUTE BLOCKS-FEET 

W2 = WlDTH OFSAF STILLING BASIN AT UPSTREAM END OF FLOOR BLOCKS-FEET 

W3 = WlDTH OF S A F  S T I L L I N G  BASlN AT DOWNSTREAM END- FEET 

Z = DIVERGENCE OF SIDEWALL ( R A T I O )  

REFERENCE 

Bloisdell. F.W. "Development ond Hydraulic 
Design. Soint Anthony Falls Stilling Bosin'.' 
(SAF Stilling Basin) 
Tr0ns.A S C E 113 P, 483-561;1948 

U. S. DEPARTMENT OF AGRICULTURE 

SOIL CONSERVATION SERVICE 
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STANDARD DRAWING NO. 

- 
SHLET 1 OF 
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HY DRAULlC DESIGN CRITERIA AND CHARTS 
FOR SAF STILLING BASIN 

5 15 20 25 30 35 4 0  45 5 0  5 5  60 65 70 

VALUES OF ENTRANCE VELOCITY. u,, IN FEET PER SECOND 

REWRENCF 
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The General Layout  Drawing 

Numerical  va lues  shown 
a r e  suggested minimums. 

4 
ALTERNATE JOINT DETAIL HALF-PLAN 

LJ 

ISOMETRIC VIEW 

REFERENCE: 

Revised: 11-1-54 

NOTE - 
Hydraulic C r i t e r i a  and Formulas are  given 

b y  ES-73, or by sheets 2,6, and 7 o f  t h i s  
drowing. 

C a ~ a c i t i e s  for t h i s  s t r u c t u r e  a re  given on  
sheets 2 througn 7 of t h i s  drawing. 

The backfill will be l imited t o  one o f  the following 
heights, whichever is least :  

I .  Top o f  sidewall and wingwall. 
2. 3d ;  above the floor o f  t he  basin. 
3. 5 f e e t  above the f l o o r  o f  t he  basin. 

U. S. DEPARTMENT OF AGRICULTURE STANDARD WG' I SOIL CONSERVATION SERVICE I ES-86 
ENGINEERING DIVISION- DESIGN SECTION SHEET I OF SHEETS 

DATE 3-30-54 

Revised 



I CHUTE SPILLWAYS: SAF OUTLETS; 
Definition o f  symbols and Formulas 

v 
F, = Froude ' s  r i m L c r  1 at eritr:>ncc of  SAF bas113 (d imens ion les s  numbcr)  

~ 6 ,  
J = Height of s:idewnlls oi' SAF :ibovc f l o o r  i n  ft 
Lg = Length of SAF b a s i n  (incLudi.ng end sill) i n  f't 

dl = Height of f l o o r  m d  chu te  b l o c k s  a.bove fl.oor of SAF b a s i n  i n  f t  
dl Entrance  d e p t i ~  of  wa te r  wi thout  a i r  t o  SAF basin in f t  
s = Hei{:ht o f  t r a n s v e r s e  end sill above f l o o r  of S M  b a s i n  i n  inches  

d; = Required h e i g h t  of t a i l w x t e r  above f l o o r  of  SAF bas  i n  i n  f t  
d2 = Sequent depth  of f low t o  depth  d, i n  f t  
v, - Eritrancc v e l o c i t y  o f  wa te r  t o  SAF bnsin i n  f t / n e c  
W = Width of  SAF o u t l e t  i n  f t  

4, = Design discharge in c f s  

Q f r  = Recommended r equ i red  c a p a c i t y  wi thou t  f r e e b o a r d  of SAF o u t l e t  i n  c f s  
Qmo = Capac i ty  wi thou t  freeboard of SAF o u t l e t  i n  c f s  
Qso = Capaci ty  of  SAF o u t l e t  i.n c f s  

qr  = Design d i s c h a r g e  per f o o t  width  i n  c f ' s / f t  
q,, = Capac:ity wi thou t  f r e e b o a r d  of SAF o u t l e t  p e r  f o o t  width  in c f s / f t  
so = Slope of  bottom of  ck~arinel i n  the SAF o u t l e t  f t / f t  
N = P e r p e n d i c u l a r  h e i g h t  of' s i d e w a l l s  above ch:innel f l o o r  a t  ups t ream end of SAT 

o u t l e t  i n  f t  
g = A c c e l e r a t i o n  due t o  gravi ty--52.16 f t / s e c 2  

DESIGN FORMULAS 

j <F, S 3 O O  
vie 

1. F, = - 

The b a c k f i l l  w i l l  be l i m i t e d  t o  
one o f  t h e  fo l lowing  h e i g h t s ,  
whichever i s  l e a s t :  

1. Top of  s i d e w a l l  and wing- 
w a l l .  

2. $d; above t h e  f l o o r  of  
t h e  b a s i n ,  

3. 5 f e e t  above t h e  f l o o r  of 
t h e  basin. 

REFERENCE S T A N D A R D  DWG. NO. 
ti.S I_)EI'AKThlENT O F  AGRICULTURE 

SOIL CONSERVATION SERVJCE E S - 86 
ESGISEEKIXG DIVISIOK - DESIGN SECTIOS SHEET 2 OF 8 

D A T E  February 1951 

Revised 10177 





35.813 
37.252 
34.836 
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41.715 
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2.202 

CHUTE S P I L L W A Y S :  S A F  O U T L E T S  J in f e e t  
Capacities without freeboard for various dimensions L,in fee t  

REFERENCE I 

I Blolsdel l ,  F W "Osualoprnsnt And Hydrouloc 
Deslon, S o ~ n t  Anthony Folls Sttllmp B o r l n "  

U 5 DEPARTMEN'T OF AGRICULTURE 

( S A F  s t ~ l l ~ n g  Baron) I SOIL CONSERVATION SERVICE 
1 Trans. A S  C E 113P. 4 8 3 - 5 6 1 . 1 9 4 8  I 
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Engwearlng Deslpn S s c t ~ o n  
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CHUTE SPILLWAYS:  S A F  O U T L E T S  
T a i l w a t e r  requirment  a n d  e n d  sill h e i g h t .  I d; in  feeT 

s  in inches 

REFERENCE I J STANDARD D W G  NO 
Blalsdel l ,  F  W " ~ e v e l o p m e n t  And Hydroul~c IJ S DJFAIf lMENT OF ACRICU1,TURE 
Design. Samt Anthony Falls Sfllllng B o r l n "  
( S A F  s t ~ l l l n g  Baslnl  SOIL CONSERVATION SERVICE E S - 8 6  
Trans A S  C E I I 3P .  4 8 3 - 5 6 1 . 1 3 4 8  

ENGINEERING UIVISION-DESIGN SECTION 
SHEET , O F  ' 

Thlr dtagram wos developed by Poul 0 Doubt, 
Engneer lng  Design Sect lon DATF 2 - 2 5 - 5 4  



CHUTE SPILLWAYS: S A F  OUTLETS; Example 

I EXAMPLE 

Given: A chute having a s t r a i g h t  i n l e t ,  a bottom slope of  3 t o  1 and a v e r t i c a l  drop 
of  Z = 50 f t  from t h e  c r e s t  of  i n l e t  t o  t h e  f l o o r  of  t h e  o u t l e t .  The design d i s -  
charge i s  200 c f s  W = 8 ft 8 = 8 f t  

Determine: 1. 
2. 

3. 
4. 

Solut ion:  1. -- 

Required capac i ty  without f reeboard.  
The he igh t  o f  t h e  channel s idewal l s ,  N,  and en t rance  depth,  d l ,  of  
flow t o  SAF o u t l e t  without  a i r  entrainment. 
Dimensions of  SAF o u t l e t .  
Required depth o f  t a i l w a t e r .  

The requi red  capac i ty  without f reeboard,  Qfr, i s  

Q, = (1.20 + 0.003 2 )  Q, 

Qfr = l1.20 + (0.003)(50)] 200 = 270 c f s  

= &fr - 270 = qfr - 8 33-75 Cfs / f t  

The requi red  height  of channel  s idewal l s ,  N ,  i s  read  from t a b l e  3b of  
ES-88 as 

N = 2.00 f t  

The en t rance  depth of  flow without a i r  entrainment, d l ,  i s  obtained 
from ES-78. I n t e r p o l a t i o n  f o r  t h i s  depth between W = 6 and W = LO 
from s h e e t s  9 and 11 obta in  

dl  = 0.659 f t  

The dimensions of t h e  SAF may be read  from ES-73 o r  ES-86. 

a .  The dimensions of  t h e  SAF a s  given on sheet  6 of  ES-86 when 
q = 33.75 c f s / f t  and d l  = 0.659 f t  i s  

J = 11.5 f t ;  Lg = 7.5 f t  

The height  of t h e  end s i l l  a s  given on sheet  7 o f  ES-86 when 
q = 33.75 c f s / f t  and d l  = 0.659 f t  i s  

s = 8 inches 

Since t h e  va lue  o f  d l  i s  known, t h e  s i z e  and spacing of  f l o o r  and 
chute  blocks can be determined from shee t  1 of ES-73. 

b. The dimensions of t h e  SAF o u t l e t  may a l s o  be determined by ES-73. 
The en t rance  v e l o c i t y  t o  t h e  SAF o u t l e t  i s  determined by t h e  fo r -  
mula 

From shee t  2 of  ES-73 when vl = 51.2 f t / s e c  and d l  = 0.659 ft 
read  t h e  dimensions 

J = 11.5 f t ;  LB = 7.5 f t  

The he igh t  of t h e  end s i l l  i s  read from sheet  3 of ES-73 a s  s = 8 
inches 

The SAF o u t l e t  w i l l  not cause d i s s i p a t i o n  of  t h e  k i n e t i c  energy u n l e s s  
it has s u f f i c i e n t  t a i l w a t e r  height .  Serious e ros ion  w i l l  occur i n  t h e  
e r o d i b l e  channel downstream from t h e  SAF o u t l e t  whenever s u f f i c i e n t  
t a i l w a t e r  depth is  no t  p resen t .  The requi red  t a i l w a t e r  depth d l  may 
be read  from sheet  7 of ES-86 o r  sheet  3 of  ES-73. 

a; = 8.1 r t  
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